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 Multicellular fungi possess cell-to-cell channels known as septal pores 
that bridge adjacent cellular compartments. This syncytial arrangement allows 
the transport of cytoplasm and organelles towards the growing hyphal tip  to 
support rapid and invasive growth of saprotrophic and pathogenic fungi alike. 
In the Ascomycota, septal pores harbour peroxisome derived Woronin bodies, 
which plug septal pores in damaged hyphae to prevent excessive loss of 
cytoplasm. Despite its central role in hyphal biology, understanding of the 
septal pore and its constituent proteins remains limited. 
  To identify additional components of the septal pore, Woronin bodies 
were biochemically purified and associated proteins identified by mass 
spectrometry. Two Woronin body associated proteins were GFP tagged by 
marker fusion tagging (MFT) and were found to localize to septal pores. These 
proteins were named septal pore associated (SPA) protein 1 and 2. These 
proteins have no primary sequence homology, but show similar biases in 
amino acid composition. In collaboration with a group from the School of 
Computing, a machine learning approach was used to predict additional SPA 
proteins from the proteome in Neurospora crassa. The top 50 candidate SPA 
proteins were GFP tagged by MFT and 14 additional SPA proteins were 
identified based on their localization to the pore. SPA proteins localize in three 
distinct patterns. Type I SPAs localize to the rim of the pore, type II SPAs 
localize to the centre of the pore, and type III SPAs are broadly  distributed at 
the septum. SPA1 and SPA2 localize to closed septal pores during the 
heterokaryon incompatibility reaction suggesting that aggregation of SPA 
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proteins closes septal pores in response to physiological cues and in a Woronin 
body independent manner.
 All SPA proteins are predicted to possess long intrinsically disordered 
regions (IDRs). These IDRs are distinct from those found in other intrinsically 
disordered proteins (IDPs) such as FG-repeat nucleoporins (FG-Nups) and 
SR-repeat splicing factors (SR-proteins). SPA proteins possess a low mean net 
charge, which reflects the enrichment of arginine as well as acidic amino 
acids. The purified disordered domains of SPA1 and SPA5 produce hydrogels 
in vitro, suggesting that this property underlies their localization and 
aggregation in vivo. 
 Three SPA gene deletions show phenotypes that relate to various aspects 
of the septum. In the spa9 deletion mutant, septal pores are aberrantly plugged 
by Woronin bodies, suggesting that SPA9 inhibits Woronin body  release. 
Deletion of spa10 increases septation in subapical hyphal compartments, 
suggesting that SPA10 is an inhibitor of septation. In the spa13 deletion, septal 
pores degenerate over time resulting in catastrophic hyphal failure, indicating 
that SPA13 plays a role in maintaining septal pore integrity. 
 In summary, using a machine learning approach together with 
biochemical and molecular biology techniques, I have identified a new family 
of intrinsically  disordered proteins that localize to the fungal septal pore and 
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 The emergence of multicellularity was pivotal in the evolution of life. 
Due to the advantages conferred by adopting a multicellular life style, 
multicellularity evolved independently, by some estimate at least 25 times, in 
the three Eukaryotic kingdoms (Bonner, 1999; Grosberg and Strathmann, 
2007; Kaiser, 2001; Medina et al., 2003). Organisms have adopted two 
strategies to achieve multicellularity. Firstly, multicellularity can be achieved 
by not separating the daughter cells following cytokinesis as seen in plants, 
where individual cells are in contact with each other after cytokinesis. 
Secondly, cellular aggregation allows animal cells to achieve multicellularity 
(Bonner, 1999). Unlike plant cells which possess a rigid cell wall that allows 
them to maintain a three dimensional structure, animal cells utilize cell-to-cell 
adhesion proteins to maintain tissue architecture. Multicellular fungi employ 
both strategies to achieve multicellularity. The lack of cell separation after 
cytokinesis produces multicellular filaments known as hyphae, while cellular 
aggregation drives the formation of complex fungal structures such as the 
fruiting bodies.
 Multicellular organisms employ various methods for intercellular 
communication to coordinate essential developmental and physiological 
processes. Intercellular communication can be achieved by secreting chemical 
messengers, which are detected by cell surface receptors. Secreted signaling 
molecules can exert their effect either locally or distally. Cells can also 
communicate with each other via cell surface receptor-ligand interactions such 
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as the Notch-Delta signaling (Schweisguth, 2004). Besides secreted signaling 
molecules, intercellular communication also employs cell-to-cell channels to 
allow adjacent cells to rapidly  communicate with each other. Cell-to-cell 
channels have been described in plants, animals, and fungi. In plants they are 
known as plasmodesmata, while in animals gap junctions and tunneling 
nanotubes have been described. In filamentous fungi these channels are known 
as septal pores (Table 1 and Fig 1).
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Figure 1. Cell-to-cell  channels in plants, animals, and fungi. (A) The 
cartoon shows the structure of a plasmodesma in plants (Thomas et al., 2008) 
(B) The cartoon shows the organization of  gap junctions animal cells (Mathias 
et al., 2010). The connexin can assemble to form either heterotypic or 
homotypic connexons. Each cell contributes a connexon to form a gap 
junction. (C) The upper panel shows structure of tunneling nanotubes (TNT) 
in PC12 cells as seen via scanning electron microscopy (SEM). Scale bar: 10 
µm. Image from (Rustom et al., 2004). (D) A transmission electron 
microscope (TEM) image of the simple septal pore from Sordaria. Image from 
(Furtado, 1971). (E) The dolipore, found in the Agaricomycotina. Image from 
(Giesy and Day, 1965)
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1.2 Plasmodesmata
 Plant cell-to-cell channels known as plasmodesmata are remarkably 
similar in all major plant groups from algae to higher plants (Burch-Smith and 
Zambryski, 2012). At the centre of the plasmodesmata between the two 
plasma membranes is an appressed endoplasmic reticulum known as the 
desmotubule. The cytoplasmic region between the desmotubule and plasma 
membrane is known as the cytoplasmic sleeve. Surrounding the desmotubule 
and plasma membrane are linked globular proteins, which form a sieve that 
can restrict the movement of molecules through the cytoplasmic sleeve (Fig. 
1A). At both ends of the plasmodesmata, the neck, there is  deposition of 
callose, a β-1,3-glucan polysaccharide that can be regulated to control access 
to the plasmodesmata (Roberts and Oparka, 2013; Zambryski and Crawford, 
2000). 
 The basal size exclusion limit (SEL) for the plasmodesmata is between 
850 and 900 Da (Lucas and Wolf, 1993) and can be regulated to allow the 
passage of molecules as large as 20 kDa such as proteins and nucleic acids. 
The regulation of plasmodesmata SEL is important in plant development 
(Burch-Smith and Zambryski, 2012). 
 Two well studied mutant lines, increased size exclusion (ise), ise1 and 
ise2 have a larger SEL during the torpedo stage of plant embryo development 
compared to the wild-type (Kim et al., 2002a). Germlings of ise2 form stunted 
inflorescence and flower-like organs (Kobayashi et  al., 2007). ISE2 was found 
to encode a DEVH box RNA helicase and it is suggested that ISE2 may 
regulate mRNA expression of genes involved plasmodesmata size and plant 
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development. During certain developmental processes permanent tissue 
isolation is necessary such as in the differentiation of the guard cells of the 
stomata (Palevitz and Hepler, 1985; Wille and Lucas, 1984).
 The transcription factor KNOTTED-1 (KN1) was the first protein that 
was shown to move through the plasmodesmata (Lucas et al., 1995). KN1 
RNA is found in all layers of the shoot apical meristem except for the outer 
most layer (L1). The protein however, is found in all layers. It has been shown 
using fluorescent labelled KN1 (Lucas et al., 1995) and GFP fusions (Kim et 
al., 2002b) that it  traffics between cells using the plasmodesmata. Other 
transcription factors were soon identified to move between cells using the 
plasmodesmata.
1.3 Gap Junctions 
 Many different animal cell types are connected to each other via gap 
junctions. Gap junctions are composed of two connexons or hemichannels, 
with each cell contributing one. Each connexon is a hexamer of connexin, a 
four transmembrane protein. A connexon can be composed of a single type of 
connexin (homomeric connexon) or different connexins (heteromeric 
connexon). Two identical connexons form a homotypic channel, while 
connexons containing different connexins form a heterotypic channel (Fig. 
1B). The abundant variety of connexins and their ability  to oligomerize into 
several different connexons determine the specificity of molecules that are 
allowed to pass through it (Evans and Martin, 2002).
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 Unlike the larger plasmodesmata, gap junctions are roughly  1.5 nm in 
diameter and allow the movement of molecules up to about 1 kD in size. Gap 
junctions allow the passage of ions, small metabolites, and second messengers 
from cell-to-cell, thus coupling connected cells electrically and biochemically. 
For instance, electrical coupling of cardiomyocytes is important for proper 
synchronous contraction (Goodenough and Goliger, 1996). The small diameter 
excludes the transport of proteins and nucleic acids through the gap junction. 
However, recent work has shown that  small interference RNA can move 
through the gap junction in adjacent cells, but  it is not clear whether this 
occurs normally in vivo (Valiunas et al., 2005).
1.4 Tunneling Nanotubes
 Recently, a new type of cell-to-cell channel has been described in 
animal cells. These channels, which are called tunneling nanotubes (TNT) 
were first described in rat pheochromocytoma PC-12 cells in vitro (Fig. 1C) 
(Rustom et  al., 2004). Since then TNTs have been observed in various cell 
types such as human embryonic kidney (HEK) (Onfelt and Davis, 2004), 
normal rat kidney cells (NRK) (Wang et al., 2010), neurons (Zhu et al., 2005), 
myeloid cells, human and murine T cells (Sowinski et al., 2008), rat cardiac 
myocytes (Koyanagi et al., 2005), and endothelial progenitor cells (Koyanagi 
et al., 2005). 
 TNTs are composed of a thin plasma membrane protrusion that has a 
diameter of about 50 - 200 nm and can reach up to several cell diameters in 
length. A bundle of F-actin is tightly  wrapped by the surrounding plasma 
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membrane of TNTs (Gerdes and Carvalho, 2008). To date, microtubules have 
not been observed in TNTs in PC12 cells, but were seen in human monocyte-
derived macrophages and in some prostate cancer cells (Vidulescu et al., 
2004). Unlike plasmodesmata and gap junctions, TNTs allow the passage of 
vesicles and mitochondria (Table 1), which is mediated by the actin-specific 
motor protein myosin Va (Rustom et al., 2004). Besides the transport of 
organelles, bacteria have also been shown to utilize TNTs to spread from cell-
to-cell (Onfelt et al., 2006; Sowinski et al., 2008).
 TNTs have been mostly described in vitro and their existence and 
function in vivo has not yet been determined. Recently, TNT-like bridges have 
been observed in vivo during some developmental processes (Abounit and 
Zurzolo, 2012). However, the role of TNTs in development is still not known.
1.5 Pit Connections
 Pit connections are cell-to-cell channels that have been observed in the 
filaments higher red algae (Florideophycidae) and is very  similar to the septal 
pores, which will be discussed subsequently, in the Ascomycota, a major class 
of filamentous fungi (Brawley and Sears, 1982). Pit connections are about 0.5 
µm in diameter and are generally  occluded in the centre by a plug (Ramus, 
1969). The function of pit connections is not  known, but the plugs that form in 
the centre of the pit connection act as temporary barriers to intercellular 
communication and may break down to facilitate intercellular communication 
(Aghajanian and Hommersand, 1978). 
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Figure 2. Branch Dikarya of the fungal phylogenetic tree. The Dikarya 
branch of the fungal phylogenetic tree shows the evolution of the septal pore 
in fungi. In Agaricomycota, the endoplasmic reticulum derived septal pore cap 
(SPC) associates with the dolipore type septal pore, while in Pezizomycotina, 
the peroxisome derived Woronin body  (WB) associates with simple septal 
pores. In the Pezizomycotina, the Leashin split in Neurospora crassa and 
Sordaria fimicola resulted in altered Woronin body localization. Figure from 
(Jedd, 2011).
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1.6 Hyphae and Septal Pores 
 The fungi are a diverse group of organisms that have adapted various 
lifestyles and morphologies. Hyphae, which are elongated tubular cells are 
present in some basal fungi in the phylum Chytridiomycota. However, the 
hyphae are well developed and an important feature in fungi in the phyla 
Blastocladiomcyota, Zygomycota and in the subkingdom Dikarya. The 
Z y g o m y c o t a c o m p r i s e s o f t h e s u b p h y l u m M u c o r m y c o t i n a , 
Entomophthoromycotina, Zoopagomycotina, Kickzellomycotina and the 
phylum Glomeromycota (Stajich et al., 2009). Together they comprise of less 
than 1% of described fungi (Stajich et al., 2009). They all grow by extending 
aseptate hyphae. 
 About 98 % of described fungi are found in the subkingdom Dikarya, 
which is divided into two phyla, the Ascomycota and Basidiomycota (Fig. 2) 
(Stajich et  al., 2009). Morphologically, the fungi in these two phyla can exist 
as unicellular yeasts, filamentous hyphae or both. The Basidiomycota is 
further divided into three clades: the Pucciniomycotina, Ustilagomycotina, and 
Agaricomycotina. The Ascomycota, which comprises about 64% of described 
fungal species is also divided into three clades: the Taphrinomycotina, 
Saccharomycotina, and Pezizomycotina. The filamentous fungi in the Dikarya 
possess septa which connect adjacent cells. This suggests that this trait 
evolved in the last common ancestor of the Basidiomycota and Ascomycota. 
 Multicellular fungi belonging to the Pezizomycotina and the 
Agaricomycotina, grow by extending hyphae. The hyphae show polarized 
growth, with vesicles, nuclei, mitochondria, and other organelles transported 
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towards the growing tip. As the main primary  hypha grows, it branches 
producing smaller secondary  hyphae, which can continue branching to 
produce smaller hyphae creating a network that allows filamentous fungi to 
explore and colonize large areas quickly (Harris, 2008). Two hyphae can fuse 
in a process known as anastomosis (Glass et al., 2004). This creates a 
continuous flow of cytoplasm throughout the colony, which results in colony 
interconnectivity to ensure that the materials required for growth are 
transported towards the growing apical region.
 Cytoplasmic flow is not unique in fungi (Cole et al., 1998) and  can 
also be observed in amoebae (Allen and Allen, 1978b), algae and terrestrial 
plants (Allen and Allen, 1978a), and animals (Niwayama et al., 2011). In 
plants and animals, cytoplasmic streaming is generated by actin and myosin 
and plays an important role in metabolism and development. For instance, 
streaming in the one cell embryo of C. elegans is involved in the partitioning 
of PAR proteins that are important  in symmetry breaking (Munro et al., 2004; 
Niwayama et al., 2011; Schonegg et al., 2007). In plants, streaming allows the 
transport of organelles and metabolites throughout the plant cell (Verchot-
Lubicz and Goldstein, 2009). 
 Unlike plants and animals, cytoplasmic bulk flow in fungi does not  
involve actin. Cytoplasmic streaming towards the growing tip is the result of 
an osmotic gradient between the apical and subapical region that is actively 
maintained (Lew, 2005; 2011). Although molecular motors contribute to 
organelle movement in filamentous fungi, the bulk of organelle transport is 
thought to be caused by cytoplasmic streaming (Ramos-García et al., 2009). 
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The syncytial arrangement and cytoplasmic streaming ensures that the 
growing tip receives the materials that are required for growth. 
 The growing hyphae lay down regular cross walls known as the septa, 
in a process known as septation. Septation in hyphal fungi in the 
Basidiomycota and Ascomycota is incomplete, leaving a pore, known as the 
septal pore that connects two adjacent cells and maintains hyphal connectivity 
and cytoplasmic continuity. Within the Basidiomycota, two different  types of 
septal pore structures have been described. In the Pucciniomycotina and 
Ustilagomycotina septal pores are simple structures comprising a septum that 
tapers towards the centre of the septum and is similar to the septal pores seen 
in the Pezizomycotina. The septal pores in the Agaricomycotina are known as 
dolipores which are characterized by a barrel-shaped swelling around the pore 
(Fig. 2E) with a channel diameter of about 70 to 500 nm (Bracker and Butler, 
1964). This is comparable to the diameter of simple septal pores found in the 
Pezizomycotina which have a diameter between 50 to 500 nm (Fig. 2D). 
1.7 Septal Pore Associated Organelles
 Various structures have been associated with septal pores and dolipores. 
In dolipores, an endoplasmic reticulum (ER) derived structure known as the 
septal pore cap  (SPC) surrounds the pore. The SPC is a dynamic structure that 
can regulate cytoplasmic flow and the movement of organelles through it 
(Bracker and Butler, 1964). The SPC can also be removed during specific 
developmental stages to allow the unhindered movement of nuclei (Giesy and 
Day, 1965). The dolipore can form plugs during development and in response 
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to environmental cues (van Peer et al., 2009). SPC18, a protein first  identified 
in Rhizoctonia solani was found in both the SPC and dolipore plugs (van Driel 
et al., 2008). In Schizophyllum commune the loss of Spc33, a SPC localized 
protein results in the loss of the SPC (van Peer et al., 2010). The absence of 
the SPC results in the rupture of the hyphae leading to the release and loss of 
cytoplasm via cytoplasmic bleeding. Such cytoplasmic bleeding is a result of 
unplugged dolipores. Taken together this suggests that the SPC acts a reservoir 
of plugging material that responds to environmental cues. In the 
Pezizomycotina, a similar mechanism involving the peroxisome-derived 
Woronin body  exists to plug damaged hyphae (Jedd and Chua, 2000; 
Markham, 1994). 
 The loss of SPC also affects growth and development. The deletion of 
spc33 in Schizophyllum commune results in a decrease in colony biomass and 
affects the formation of fruiting bodies (van Peer et al., 2010). The closure of 
the septal pore by the SPC may  be required to allow for cellular differentiation 
which is required for the formation of fruiting bodies (van Peer et al., 2010). 
1.8 Woronin Body Biogenesis 
 In the Pezizomycotina, the peroxisome derived Woronin body is 
associated with the septal pore. The Woronin body was first  observed and 
described by  Mikhail Stepanovich Woronin in Ascobolus pulcherrimus 
(Buller, 1933; Voronin, 1865). This structure was subsequently observed in 
other fungal species and appears to be unique to the Pezizomycotina 
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(Markham and Collinge, 1987), suggesting that it evolved in their common 
ancestor.
 The Woronin body comprises a dense crystalline core that is 
encapsulated by a single membrane layer. In most species the Woronin body is 
spherical, but in Neurospora crassa the Woronin bodies are hexagonal. The 
size of Woronin bodies is species specific and varies from 100 nm to over 1 
µm and generally exceeds the size of the septal pore (Markham and Collinge, 
1987). This allows the Woronin body to perform its function, which is to plug 
septal pores when hyphae are damaged thus preventing excessive cytoplasm 
loss (Jedd and Chua, 2000; Trinci and Collinge, 1973a). The Woronin bodies 
located near septal pores are attached via a tether (Momany et al., 2002). 
However, in N. crassa the Woronin body is associated with the cell cortex 
(Tey et al., 2005) and is excluded from cytoplasmic flow.
 The Woronin body was first purified from N. crassa and the crystalline 
core was identified to be composed of a protein called HEX-1 (Jedd and Chua, 
2000; Tenney et al., 2000). HEX-1 possesses a C-terminal peroxisome 
targeting signal (PTS-1) and is imported into peroxisomes, where it self 
assembles to form a large and stable protein complex (Jedd and Chua, 2000). 
This self assembly property is inherent in HEX-1 and its homologs in other 
fungi such as Aspergillus nidulans (Momany et al., 2002) and Magnaporthe 
grisea (Soundararajan et al., 2004) also self assemble to form large stable 
assemblies. 
 The N. crassa hex-1 deletion strain is devoid of Woronin bodies and 
shows defects that stem from its inability to plug septal pores. The hyphae in 
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the hex-1 deletion strain bleeds protoplasm during cellular damage and 
hypotonic shock due to its inability  to plug septal pores (Jedd and Chua, 
2000). In addition, aerial hyphae spontaneously lyse resulting in the reduction 
in the amount of conidia produced (Jedd and Chua, 2000; Tenney et al., 2000). 
The loss of hex-1 in M. grisea (Soundararajan et al., 2004) and Aspergillus 
oryzae (Maruyama et  al., 2005) also results in bleeding phenotypes consistent 
with the inability to plug septal pores and suggesting that this is a conserved 
function of the Woronin body. 
 The ability of Woronin bodies to plug septal pores is dependent on the 
proper assembly of its dense core by HEX-1 (Yuan et al., 2003). The crystal 
structure of HEX-1 has been resolved and three intermolecular interfaces are 
important for formation of the three dimensional protein lattice. Mutations in 
these intermolecular prevents proper self-assembly of HEX-1. Mutation of 
His39 (H39G), which destabilizes a salt bridge interaction between Arg41 and 
Asp44 fail to form dense crystal structures although the size of their Woronin 
bodies are normal (Yuan et al., 2003). Strains with the H39G mutation fail to 
plug septal pores and bleed cytoplasm similar to the hex-1 strain. Therefore a 
properly assembled dense core is important for Woronin body function. 
 The M. grisea hex-1 mutant is defective in appresorium formation. The 
appressorium is important in penetrating the plant epidermal layer and for 
invasive plant growth. The hex-1 mutant is thus defective in invasive growth 
within the plant host. In addition hex-1 mutants underwent cell death in 
response to nitrogen starvation (Soundararajan et al., 2004). In Aspergillus 
fumigatus, a human pathogen, the loss of Woronin bodies reduces their stress 
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resistance and virulence (Beck et al., 2013). Taken together, the Woronin body 
plays a role in the pathogenicity of M. grisea and A. fumigatus and may also 
be important in other pathogenic fungi.
 Woronin body maturation follows a series of well defined steps. In the 
apical hyphal compartment, HEX assemblies are nucleated and grow. These 
assemblies can be imported into the peroxisomes as oligomers (Liu et al., 
2011). In the peroxisome matrix, the HEX assemblies continue to grow and 
associate with the peroxisome membrane protein WSC (Woronin sorting 
complex) (Liu et al., 2008). Association of the HEX assembly  with WSC is 
essential for proper maturation and inheritance of Woronin bodies in the 
subapical compartments. 
 WSC localizes to large peroxisomes and forms oligomers that envelope 
the growing HEX assemblies to produce asymmetrical Woronin bodies (Liu et 
al., 2008). The deletion of wsc results in peroxisomes with free moving 
Woronin bodies in the matrix of peroxisomes. The interaction of HEX with 
WSC is required for the asymmetrical localization of WSC and the budding of 
Woronin bodies. Besides ensuring asymmetrical localization and budding of 
nascent Woronin bodies, WSC is important in the tethering of Woronin bodies 
to the cell cortex. The deletion of wsc results in the accumulation of Woronin 
bodies in the apical region and are absent in the subapical compartment. 
Therefore, WSC not only ensures proper budding of HEX, but is necessary for 
proper attachment to the cell cortex and for Woronin body  inheritance (Liu et 
al., 2008).
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 The tether that interacts with WSC in Woronin body inheritance was 
identified as Leashin (LAH) encoded by  the lah gene, which is about 30 kb in 
size. Deletion of lah results in the accumulation of Woronin bodies in apical 
hyphae. However, Woronin bodies are still asymmetrically localized in 
peroxisomes and intermediates in various stages of budding could be observed 
(Ng et al., 2009). This suggests that Leashin interacts with WSC to attach 
mature Woronin bodies to the cell cortex. Detailed analysis of the lah gene 
shows that it encodes two related adjacent genes. The N-terminal region 
encodes for Leashin-1 (LAH-1), which interacts with WSC and tethers the 
Woronin body to the cell cortex. The C-terminal part  encodes Leashin-2 
(LAH-2) which is associated to the hyphal tip and septal pores (Ng et al., 
2009). 
 Unlike other Pezizomycotina species, the Woronin bodies in N. crassa 
are attached to the cell cortex and not adjacent to the septal pore. A fusion of 
LAH-1 and LAH-2 results in Woronin body localization at the septal pores, 
similar to the other Pezizomycotina species (Ng et al., 2009). Therefore, the 
leashin gene in Neurospora has been split into two to enable the localization 
of Woronin bodies away from the cell cortex. Recent work in Aspergillus 
oryzae showed that Woronin body localization to the septum is due to AoLAH, 
the homologue of Neurospora LAH-1 and LAH-2 (Han et al., 2014).  
 Despite the large number of peroxisomes, the number of Woronin 
bodies is relatively small. This suggests that not all peroxisomes produce 
Woronin bodies. As mentioned briefly, WSC localizes to large peroxisomes 
and their accumulation occurs in the presence of HEX (Liu et al., 2008). 
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Without  HEX, there is no accumulation of WSC to the peroxisome membrane 
and they appear evenly distributed to small peroxisomes. This suggests that a 
subpopulation of peroxisomes are more import competent and that this 
characteristic is conferred by HEX. 
 HEX possesses a PTS-1 signal and can be imported into peroxisomes 
as folded oligomers. The import of HEX self-assemblies is important in 
increasing the import efficiency of peroxisomes. Mutations in HEX that 
disrupt the molecular contacts that are involved in the formation of the three 
dimensional crystal lattice produce smaller peroxisomes and have reduced 
import kinetics (Liu et al., 2011). 
 The control of peroxisome import kinetics was found to involve the 
interaction of HEX with the peroxisome membrane protein PEX26 (Liu et al., 
2011). PEX26 is a tail anchored peroxin that is homologous to yeast PEX15 
that recruits the PEX1-PEX6 AAA ATPase to the peroxisome membrane to 
promote PTS receptor recycling. The increase of PEX1-PEX6 to these 
peroxisome subpopulation further increases HEX import, thus generating a 
distinct subpopulation of peroxisomes that differentiate and produce Woronin 
bodies.  
1.9 Septal Pore Proteins
 Although the structure and organelles associated with the septal pore 
have been well studied and characterized, very few pore-associated proteins 
have been identified. Electron microscopy studies show a non-membrane 
delimited electron dense structure that lines the rim of the pore and in some 
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cases occludes the pore (Furtado, 1971; Read and Beckett, 1996; Rosing, 
1981; Trinci and Collinge, 1973b). This suggests that these structures have a 
cytoplasmic origin. In addition, the type and size of these structures vary 
between vegetative and reproductive cell types. In N. crassa, pore occlusion 
by this mechanism increases as the colony ages (Trinci and Collinge, 1973b). 
However, the identity  of the proteins involved in this mechanism is currently 
unknown.
 Several signaling and cell polarity  proteins are known to localize to the 
septal pore. Two cell polarity proteins, RHO4 (Rasmussen and Glass, 2007) 
and BUD6 (Lichius et al., 2012) localize to the forming septal pore and remain 
at the pore after septation is complete. However, their function at the mature 
septal pores is still not known. 
 The filamentous fungi specific protein SOFT (SO) is mainly 
cytoplasmic, but  accumulates at septal pores in aging and dying hyphae 
(Fleissner and Glass, 2007; Maruyama et al., 2010). In N. crassa SO also 
localizes to the Woronin body plugged septal pores and plays a role in 
membrane resealing. Although SO is dispensable in septal pore resealing, it 
does contribute to efficient and faster septal pore resealing (Fleissner and 
Glass, 2007). How SO allows efficient septal pore resealing remains to be 
understood. 
 One well studied cell signaling protein, calcineurin, a Ca2+-calmodulin-
dependent phosphatase, was found to localize at the tip  and septal pores in A. 
fumigatus (Juvvadi et al., 2008). Calcineurin regulates diverse processes in 
fungi. In N. crassa, calcineurin is involved in hyphal growth (Prokisch, 1997). 
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In A. fumigatus, calcineurin is not only  involved in hyphal growth, but  is also 
required in maintaining cell wall integrity  and pathogenicity  (Steinbach et al., 
2006). Another component of the cell signaling pathway, Neurospora protein 
kinase C (PKC), which is part of the cell wall integrity pathway was also 
found to localize to the septum and septal pores (Khatun and Lakin-Thomas, 
2011).
 Recent work in Fusarium graminearum has identified FgKIN1 
(FGSG_09274) a kinase orthologous to Schizosaccharomyces pombe and 
KIN1/KIN2 in S. cerevisiae that localizes to the septal pore (Luo et al., 2014). 
FgKin1 is a member of the microtubule affinity-regulating protein kinases 
(MARK). Deletion of FgKIN1 results in reduce virulence and defects in the 
ascospore release and germination. The M. grisea homolog of FgKIN1, 
MoKIN1 (MGG_01279) was also localized to the septal pore and the deletion 
showed reduced growth rate and virulence (Luo et al., 2014). 
 The identification of several septal pore localized proteins not only  in 
N. crassa but in other diverse fungal species suggests that the septal pore is an 
important platform for cellular signaling and it is likely involved in different 
biological processes. 
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1.10 Thesis Objectives  
 The fungal septal pore plays an important role in the growth and 
development of filamentous fungi. Despite extensive studies on septal pore 
structures and the characterization of several septal pore localized proteins, 
there remains other unidentified septal pore localized proteins. To date there 
has been no attempt to actively  identify  other septal pore localized proteins in 
N. crassa due to the difficulty in isolating the septal pore. In this thesis, I plan 
to identify and characterize other septal pore localized proteins. Instead of 
purifying septal pores, I will purify the septal pore associated Woronin body to 
help  in the identification of potential septal pore localized proteins. Woronin 
body purification and tandem mass spectrometry will allow the identification 
of novel protein, whose localization can be determined by generating fusion 
proteins using marker fusion tagging (MFT), a technique that was developed 
for another project. I will also use a computational approach to identify other 
septal pore proteins. Since the septal pore will consist of various different 
proteins, one can ask whether there are defining characteristics of septal pore 
localized proteins. Besides identify  potential septal pore proteins, this thesis 
also aims to understand the function of these proteins and study  how the septal 
pore acts as a platform to control diverse biological processes in the fungal 
cell.
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CHAPTER 2: MATERIALS AND METHODS
2.1 Neurospora Techniques 
 Neurospora strains were grown and maintained on Vogel’s N (VN) 
medium supplemented with the appropriate auxotrophs as previously 
described (Davis and de Serres, 1970). Candidate spa genes were GFP-tagged 
by marker fusion tagging (MFT) in either FGSC9719 or FGSC9720 as 
previously  described (Lai et al., 2010) and discussed in further detail in the 
next section. Deletion spa mutants (Colot et al., 2006) were obtained from the 
Fungal Genetics Stock Center. Crosses were carried out on synthetic crossing 
medium (SC) supplemented with the appropriate nutrient supplement as 
previously described (Davis and de Serres, 1970).
 The 3x HA-tagged strains were constructed by  amplifying homologous 
flanks upstream and downstream of the insertion site together with the 
hygromycin resistance (hph) selection marker under the pTRPc promoter 
which was inserted upstream of the HA insertion site.
2.2 Growth Rate Measurements
 Growth rate measurements were carried out in race tubes fashioned 
from plastic 25 ml pipettes filled with VN medium with the appropriate 
nutrient supplements added. An equal amount of conidia was inoculated and 
measurements were made once maximum growth rate was established for each 
strain. The average with standard deviations is shown for three independent 
experiments.
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2.3 Heterokaryon Incompatibility Assay
 To examine mating type heterokaryon incompatibility, SPA-GFP 
strains were crossed to construct strains that contain his-7 and leu-1 markers in 
the opposite mating type. Conidia of the opposite mating types were co-
inoculated onto VN plates lacking histidine and leucine to force heterokaryons, 
and imaged using a Leica SP5 inverted microscope with a 100 ✕ / 1.35 HCX 
PL APO oil immersion lens.
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 Table 2. Neurospora crassa strains used and generated in this study. 
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2.4 Machine Learning
 Sirius Prediction System Builder (version 2.2) (Koh et  al., 2009) was 
used to identify potential SPA proteins based on their physiochemical 
properties. The analysis used 35 dimensions, which included individual amino 
acid composition and 15 physicochemical properties. The initial four SPA 
proteins were used as the positive training set, and the predicted Neurospora 
proteome served as the negative set. The χ2 value for each dimension was 
determined, and the top 10 dimension for SPA proteins are as follows: (i) 
mean hydrophobicity, (ii) net charge, (iii) magnitude of net charge, (iv) 
composition of arginine, (v) mean net charge, (vi) magnitude of mean net 
charge, (vii) composition of ordered amino acids, (viii) composition of 
phenylalanine, (ix) composition of cysteine, and (x) difference between 
ordered and disordered amino acids. The top  100 proteins from the ranked 
output was annotated using BLAST and their phylogenetic distribution was 
determined based on previous studies (Kasuga et al., 2009). Short peptides, 
Neurospora orphans, and genes with known functions were not tagged. 
2.5 Disorder Prediction and Charge-Hydropathy Analysis
 The predicted disorder and coiled-coil domain graphs were produced 
using IUPred (Dosztanyi et al., 2005) and the COILS server (Lupas et al., 
1991) respectively. For the charge-hydropathy analysis, the ordered proteins 
were obtained from the O_PDB_S25 dataset (Haynes and Iakoucheva, 2006), 
while the disordered dataset was taken from the DisProt database (Sickmeier 
et al., 2007). The serine/arginine (SR) and the phenyalanine/glycine (FG) 
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datasets were previously defined  (Denning et al., 2003; Haynes et al., 2006). 
The mean net charge and the mean normalized Kyte-Doolittle hydrophobicity 
was calculated as previously  described (Uversky et al., 2000). The boundary 
line shown in Fig. 11A was determined previously  (Uversky et  al., 2000). The 
relative amino acid composition was determined by  comparing the frequency 
of individual amino acids in the disordered regions of each dataset with the 
ordered protein dataset (Haynes and Iakoucheva, 2006).
2.6 Phylogenetic Trees
 Sequences of the SPA1, SPA2, and SPA3 ordered domains were 
aligned by CLUSTAL X (Larkin, 2007).  A Neighbour-joining tree with 1000 
reiterations was constructed using MEGA5 (Tamura et al., 2011).
2.7 Yeast Two Hybrid 
 SPA1DO and SPA2DO were cloned into both pGKBT7 and pGADT7 
plasmids individually. The assay was performed according to the 
manufacturer’s instructions (Clontech). 
2.8 Biochemical Methods
 Frozen Neurospora mycelia was prepared as previously described (Liu 
et al., 2008). Tris-buffered saline (TBS) or isolation buffer [IB; 150 mM KCl, 
20 mM HEPES (pH 6.8), 5% (wt/vol) sucrose], supplemented with complete 
mini EDTA-free Mixture tablets (Roche) and 2 mM PMSF was added to an 
equal volume of frozen mycelial powder. The mixture was thawed on ice and 
31
passed through a 40 µm cell-strainer (BD Falcon) by  centrifugation at  1,000 ✕ 
g for 2 min at 4 °C. The supernatant was then transferred to a clean tube and 
centrifuged for another 2 min at 100 ✕  g at 4 °C to remove large hyphal 
fragments. The supernatant from this step is referred to as total cell lysate.
2.9 Woronin Body Purification
 For Woronin body purification, the total cell lysate was produced in IB 
and centrifuged at 5,000 ✕  g for 5 min at 4 °C to produce a pellet enriched in 
Woronin bodies. The pellet was then resuspended in IB, and centrifugation 
repeated. The Woronin body-enriched fraction was resuspended in IB and 
adjusted to 0.5% (vol/vol) Triton X-100. The solution was then passed through 
a 5 µm syringe filter (Millex-SV) to remove larger cell fragments and 
centrifuged at 5,000 ✕ g to produce a supernatant and Woronin body-enriched 
pellet fraction. The pellet fraction was then washed once in IB with 0.5% (vol/
vol) Triton X-100 and resuspended in a small volume of SDS/PAGE loading 
buffer. Samples were resolved by SDS/PAGE and the indicated bands were 
identified by tandem MS.
2.10 Differential Centrifugation
 For differential centrifugation, lysates were prepared in TBS and 
centrifuged at 1,000 ✕ g, 10,000 ✕  g, 100,000 ✕  g for 10 min at 4 °C. The 
supernatant and pellet fraction were subjected to SDS/PAGE and Western 
blotting with a rabbit anti-SPAOR primary antibody (1:1,000) and an anti-rabbit 
32
peroxidase conjugated secondary antibody  (1:20,000) (Jackson 
ImmunoResearch Laboratories) to follow the distribution of SPA1.
 To determine the effect of different chemicals on the physical state of 
SPA1, aggregates were obtained from a primary lysate by centrifugation at 
100,000 ✕  g for 10 min at  4 °C and the pellet  was resuspended in TBS + 
complete mini EDTA-free protease inhibitor + 2 mM  PMSF. The sample was 
then adjusted to either TBS or TBS supplemented with 1 or 4 M  urea or 1% 
SDS and incubated on ice for 10 min. The samples were centrifuged at 10,000 
✕ g for 10 min at 4 °C. SDS/PAGE and Western blotting with the anti-SPA1OR 
antibody was used to determine the distribution of SPA1.
2.11 Protein Expression, Purification and In Vivo Aggregation
 SPA gene fragments were amplified using the Expand Long Template 
PCR System (Roche) from wild type Neurospora genomic DNA. The PCR 
products were then cloned into pET15b plasmid (Clontech). The His-tag 
fusion proteins were expressed in E. coli BL21 (DE3) cells by induction with 
0.5 mM isopropyl β-D-1-thiogalactopyranosidase (IPTG). Induction was 
carried out at 30 ºC for 4 hours to prevent inclusion body formation which 
would hinder protein purification. The recombinant proteins were purified 
under denaturing conditions using 8M  urea and imidazole to elute the protein 
(Qiagen). Purified proteins were dialyzed using either a Slide-A-Lyzer MINI 
Dialysis unit or Slide-A-Lyzer Dialysis Cassette G2 (Pierce) in a stepwise 
fashion from 8 M urea to TBS [150 mM NaCl, 10 mM  Tris (pH 7.4)]. 
Following dialysis the samples were examined by light microscopy and 
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centrifuged at 10, 000 ✕ g for 10 min at 4 °C to determine the appearance and 
physical properties of the dialyzed protein. The total, supernatant, and pellet 
were then subject to SDS/PAGE and stained with Coomassie Brilliant Blue.
2.12 Microscopy
 To observe the cellular structure of Neurospora hyphae, a block of agar 
encompassing the growth front and 1-2 cm of the subapical hyphae was 
excised from the colony and transferred to a microscope slide. This produces a 
systemic stress response that involves cessation of tip growth and 
protoplasmic streaming, which resumes over time. Images in Fig. 9 were 
obtained using an epifluorescence microscope (BX51, Olympus) equipped 
with an attached UPlanSApo 100 ✕ / 1.4 NA oil immersion lens and a digital 
camera (Coolsnap ES, Photometrics).
2.13 Septa Quantification
 For quantification of septa shown in Fig. 17B, cell walls were stained 
with 0.1 µg/ml Calcofluor White (Sigma). The number of septa per 0.5 mm 
length of primary  hyphae was counted in the apical and subapical (2 cm 
behind the growth front) hyphae. Protoplasmic bleeding shown in Fig. 17C 
was visualized by growing the strains on VN medium supplemented with 3.75 
mg/ml phloxine B (Sigma). To examine the diameter of septal pores, the 
plasma membrane was stained with 10 µM FM4-64 (Life Technologies) and 
Z-stacks were obtained using a Leica SP5 inverted microscope with a 63 ✕  / 
1.2 HCX PL APO water immersion lens. Septal pore structure was 
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reconstructed from these Z-stack images using OsiriX (http:://osirix-
viewer.com/index/html). 
2.14 SPA localization in colonies
 To observe SPA localization in the colony, Z-sections were obtained 
using a Leica SP5 inverted microscope 63 ✕ / 1.2 HCX PL APO water 
immersion lens. Images were obtained from the tip  towards the subapical area 
(with a 10% overlap  between each Z-stack) was used. A maximum projection 
and montage with all the projections was then made. Septa were manually 
identified using both differential interference contrast (DIC) microscopy  and 
fluorescence. The level of fluorescence was quantified using ImageJ (National 
Institute of Health). The numerical values were then exported into Excel 
(Microsoft) and FileMaker (FileMaker Inc.) was used to reduce the density  of 
data points. 
2.15 Transmission Electron Microscopy
 For transmission electron microscopy of Neurospora hyphae, cells 
were fixed overnight in 2.5% glutaraldehyde solution in 0.1 M phosphate 
buffer (pH 7.2) at 4 °C, washed three times with PBS and postfixed with 1% 
osmium tetroxide in 0.1 M  phosphate buffer for 1 hour at 4 °C. These samples 
were then gradually dehydrated with ethanol and embedded in Spurr’s resin 
and sectioned on the Leica Ultracut UCT ultramicrotome equipped with 
diamond knives. Silver-to-grey  sections were mounted on formvar-coated 
copper grids. Ultrathin section were double stained with uranyl acetate and 
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lead citrate and observed under a JEOL JEM-1230 electron microscope at  120 
kV. 
2.16 Scanning Electron Microscopy
 For visualization of SPA aggregates by scanning electron microscopy, 
SPA aggregates were fixed overnight in 2.5 % glutaraldehyde at 4 °C, washed 
three times with PBS, dehydrated in a series of ascending ethanol 
concentrations, critical point dried, mounted on stubs and coated with gold. 
The coated samples were imaged with a JEOL JSM-6360LV scanning electron 
microscope. 
2.17 Fourier Transformed Infrared Spectroscopy (FTIR)
 The aggregates were washed several times with water and the pellet 
was then vacuum dried and used directly  for FTIR measurements. Infrared 
spectra were recorded on a Nicolet 380 FT-IR spectrometer (Thermo Fisher 
Scientific Inc). A total of 256 scans were accumulated from wave number 500 
- 4,000 cm-1 at a resolution of 4 cm-1, averaged for every sample and 
processed. Each spectrum was deconvoluted at the amide I absorbance regions 
(1,600 - 1,700 cm-1) using the system in-built OMNIC software (Thermo 
Fisher Scientific Inc.) to calculate the percentage composition of random coils 
α-helices, and β-strands present in the sample. 
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CHAPTER 3: MARKER FUSION TAGGING
3.1 Introduction
 Homologous recombination is a common technique that has been 
employed to delete and tag genes in various species. In species where 
homologous recombination has been exploited, the integrating DNA fragments 
are selected under the control of their own constitutive promoter. This limits 
the usefulness to tagging genes at the 3’ end (Ghaemmaghami et al., 2003; 
Huh et al., 2003; Yang et al., 2004).
 In N. crassa, homologous recombination occurs at a low frequency. To 
overcome this, plasmids that target the his-3 locus were designed to introduce 
fusion proteins. In an attempt to increase the frequency of homologous 
recombination, strains with the deletion of mus-51 and mus-52 were generated 
(Ninomiya et al., 2004). Strains without mus-51 or mus-52 are deficient in 
non-homologous end-joining (NHEJ), which results in an increase in 
homologous recombination.
 Despite the increase of homologous recombination in the mus-51 or 
mus-52 deletion strains, there is still a drawback in tagging genes at their 
endogenous loci. External plasmids that target to the his-3 loci are still 
routinely used and does not  reflect the endogenous level of gene expression. 
Therefore a new method that can precisely generate endogenously  expressed 
fusion proteins was developed. The development of a new technique to 
generate fusion proteins was initiated to study  the N. crassa gene leashin 
which is about 30 kb in size (Ng et  al., 2009). The large size of leashin made it 
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difficult to work with using conventional subcloning into a his-3 containing 
plasmid.
3.2 Results
 The new method that was developed, marker fusion tagging (MFT), 
directly  integrates the selectable marker into the gene of interest  so that it  is 
produced as a fusion protein. MFT can insert the tag at any position in the 
gene of interest and also allows the precise deletion of sequences by 
introducing the selectable marker in place of the deleted sequences to allow 
structure function analysis of the gene of interest. 
 An in-frame fusion of the hygromycin B resistance gene (hygr) and 
enhanced green fluorescent (egfp) was produced (Fig. 3). Fusion PCR was 
used to generate integration fragments that were flanked by in-frame 
sequences from target genes. Several genes with specific localization patterns 
were chosen to test this technique. The genes chosen were the spindle pole 
body (SPB) protein ApsB, which was tagged at the N-terminus; the septal pore 
plugged localized SOFT (SO) (Fleissner and Glass, 2007), which was tagged 
between residues 40 and 68, and VIB-1 a nuclear protein associated with 
programmed cell death (Dementhon et al., 2006), which was tagged at the C-
terminus.
 To generate the fusion cassette for transformation, six primers (P1 to P6) 
are required for PCR synthesis. Primer P1 is located about 700 bp upstream of 
the integration site, while P6 is located 700 bp  downstream from the 
integration site. P2 and P5 are located immediately  at the integration site, with 
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a 20 bp overlap with the hygr-egfp fragment. P3 and P4 are complementary 




Figure 3.  Schematic outlining the marker fusion tagging technique. (A) 
The fusions tags hygr-gfp, hygr-mCherry, and hygr-3xha are shown. (B) For 
each integration, three fragments are generated using 6 primers, labelled 
primer P1 to P6. (C) The three fragments are fused using primers P1 and P6. 
(D) The fusion cassette is transformed into N. crassa conidia and is inserted 
into the Neurospora genome via homologous recombination. Primer P7, 8, 9, 







Table 3. General primer design for marker fusion tagging. Primer Hyg-
GFP P3 primes on the 5’ end of hygr and can be used to amplify either hygr-
egfp, hygr-mCherry or hygr-3xha when combined with the appropriate primer 
P4. ‘xxx’ indicates a 20 bp homologous sequence at the insertion site. Primers 
Hyg-GFP P5, Hyg-mCherry P5, and Hyg-3xHA P5 respectively  prime the 5’ 
end of the hygr-egfp, hygr-mCherry and hygr-3xha. Primers P2 and P4 are the 
reverse complement of their respective primers P3 and P5.
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 In the first  round of PCR, the three fusion fragments are generated by 
PCR using the Expand Long Template PCR kit  (Roche Bioscience) with the 
following protocol: initial denaturation (2 min, 94 ºC); step 2 denaturation 94 
ºC, 30 sec; step 3 annealing at 52 ºC, 30 sec; step 4 elongation at 68 ºC for 1 
min/1 kb. Steps 2 through 4 are repeated for 30 cycles. This is followed by 
final elongation at 72 ºC for 5 min. PCR products were checked and gel 
purified using the GFX gel purification kit  (GE Healthcare). Fusion PCR was 
carried out with the three purified fragments using primer P1 and P6, with a 
ratio of fragments at 1:2:1. The fusion product was checked on a gel, ethanol 
precipitated and transformed directly into N. crassa conidia as previously 
described (Davis and de Serres, 1970). 
 Transformants were selected by plating on VB/VT plates with 100 µg/ml 
hygromycin B. Transformants were screened for GFP signal. Primers P7 and 
P8, which are outside of the integration fragment were used in conjunction 
with primers P9 and P10 to check for proper integration (Fig. 3D). Primer 
pairs P7 and P8 are also used to check the purity of the strain, i.e whether the 
strain is heterokaryon or homokaryon. 
 Transformation efficiency was comparable to other transformation 
techniques currently used in N. crassa. GFP positive transformants were 
recovered for all the three genes that were tagged. The fluorescent patterns 
were consistent  with previously described localization patterns, which were at 
the SPB, septal pore plugs, and nuclei (Fig. 4A). The deletion of so and vib-1 
respectively results in a reduced growth rate. However, the GFP-tagged strains 
showed wild type growth rate (Fig. 4B), suggesting that the tagged genes are 
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functional. Besides GFP tags, other epitope tags were also constructed such as 
hygr-mCherry and hygr-3xha. These tags extend the utility of the technique 
and allow the introduction of various epitope tags into the N. crassa genome. 
 Besides the three well-characterized Neurospora proteins, 
uncharacterized proteins were tagged: NCU06705 contains a conserved 
domain of unknown function (DUF1777), NCU03679 which contains a 
predicted transmembrane domain and is unique to the Pezizomycotina and 
NCU03897 which is a conserved RNA-binding protein with multiple KH 
domains (Frey et  al., 2001). Tagged transformants were recovered for all these 
genes with diverse localization patterns. NCU06705 was found in puncta in 
the cytoplasm, NCU03679 localized to the developing septa, and NCU03897 
looked to be localized to the endoplasmic reticulum. NCU06705 foci in the 
cytoplasm did not colocalize with DAPI, suggesting that these cytoplasmic 
puncta are not nuclear localized (Fig. 4A).
 The utility of MFT was also investigated in the plant pathogen M. 
grisea. The gene chosen was the M. grisea homologue of leashin 
(MGG_01625.6) which is encoded by  a 19.5 kb open reading frame and is 
predicted to encode a 6,500 amino acid protein. The hygr-egfp construct was 
inserted into exon 2 of M. grisea leashin by deleting residue 3601-4149 
(leashinmg::hyg-gfpΔ3601-4149). This deletion resulted in the loss of two 
BamHI sites, which was used for confirmation of successful integration by 
Southern blot (Fig. 5A). GFP localization was observed adjacent to the septum 
and at the hyphal tip (Fig. 5B). Both locations were consistent with known 
Woronin body localization (Momany et al., 2002; Soundararajan et al., 2004). 
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In Magnaporthe conidia, GFP signal was found adjacent to the centre of the 
septum (Fig. 5C), suggesting that the conidia possess Woronin bodies and are 
perforate. 
 As mentioned previously, MFT was developed to study leashin (Ng et 
al., 2009). The C-terminal of Leashin is dispensable in Woronin body 
inheritance.  However the C-terminal MFT tag revealed a septum and apical 
tip  signal. No Woronin body signal was observed. Further, work utilizing a C-
terminal MFT and the integration of Aspergillus nidulans panB as a selectable 
marker to introduce a stop codon in the N-terminal confirmed that  the leashin 
gene produced two different proteins, the N-terminal which localizes to 
Woronin bodies and is important for Woronin body inheritance and a C-




Figure 4. Localization of hygr-gfp tagged proteins. (A) Parentheses indicate 
tag position. Both differential interference contrast  (DIC) and fluorescence 
(GFP) images are shown. Bar: 10 µm. To determine whether the puncta in 
NCU06705 are cytoplasmic, hyphae were fixed and counterstained with 
DAPI, which stains nuclei. Scale bar: 2 µm (B) The growth rate of the 
indicated strains are shown with the standard deviation.
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Figure 5. Marker fusion tagging in Magnaporthe grisea. (a) The diagram 
shows the structure of the leashin gene in M. grisea and the insertion of the 
hygr-gfp construct by deleting two BamHI sites. The thick bars show exons 
and the scale is in kb. The Southern blot below using BamHI digestion shows 
an increase in the diagnostic BamHI fragment, which confirms proper 
integration of the construct. (b) GFP signal is observed in the apical tip  and 
adjacent to the septum in hyphae. (c) In conidia, GFP signal emanates from the 
centre of the septum. In both panel (b) and (c), the arrowheads indicate 
septum. The scale bar: 5 µm
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3.3 Discussion
 MFT is a flexible system that enables the deletion of precise regions of 
a gene and can also be used to produce chromosomally encoded fusion 
proteins. However its utility depends on the expression of hygr. As the 
expression of hygr is dependent on the gene’s endogenous locus, only genes 
that express sufficient amount of the HYGr protein can be recovered. This also 
provides a control of ectopic insertion of the fusion fragment, since the fusion 
fragment is not under its own promoter, one does not need to worry  about 
ectopic or multiple insertions that may  affect the expression of the gene of 
interest. In addition, the HYGr protein needs to be in contact with hygromycin 
for it to exert its effect. 
 Between 60 to 80% of genes are expressed in the vegetative phase in S. 
cereivisae (Ghaemmaghami et al., 2003; Huh et al., 2003), suggesting that a 
reasonable proportion of genes can be studied by MFT in N. crassa. In 
addition, MFT also works in other fungal species such as M. grisea and could 
be used as a tool in other fungal systems. Besides the hygr selectable marker, 
other makers such as the A. nidulans panB gene could be expanded to increase 
the utility of the method and to allow the generation strains with multiple tags. 
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CHAPTER 4: IDENTIFICATION OF SEPTAL PORE ASSOCIATED 
PROTEINS
4.1 Results
4.1.1 Mass spectrometry based identification of SPA proteins
 To identify  potential septal pore associated proteins, Woronin bodies 
were purified from Neurospora cell extracts. The Neurospora strain 
expressing WSC-GFP, was used to allow visualization of the Woronin bodies 
throughout the purification process. The Woronin body enriched fraction was 
then resolved by SDS/PAGE and the indicated bands were cut and sent for 
mass spectrometry for identification (Fig. 6A). Two bands correspond to HEX 
and WSC-GFP, while the other two bands were for novel Woronin body 
associated proteins (NCU00627 and NCU02972) (Fig. 6A).
 These two genes were GFP-tagged at their endogenous loci by MFT 
(Lai et al., 2012) and were found to localize as a ring surrounding the septal 
pore (Fig. 6B). Based on their localization they were named septal pore 
apparatus protein, SPA1 (NCU00627) and SPA2 (NCU02972). Detergent 
treated cellular extracts still show SPA1 localization at the pore (Fig. 6C), 
indicating strong septal pore association. Besides septal pore localization, both 
of these proteins localize to Woronin bodies during wound healing and in 
cellular extracts (Fig. 6B and Fig. 6D). During stress and wound healing these 
two proteins reorganize around the septal pore and also form cytoplasmic 
puncta (Fig. 6B). These observations suggest that SPA1 and SPA2 possess a 
dynamic localization pattern and may  play a role in septal pore resealing after 
hyphal damage.
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 A yeast two hybrid assay was performed to determine whether SPA1 
and SPA2 can self assemble. SPA1 can self-associate and associates with 
SPA2. However SPA2 is unable to self-associate suggesting that SPA2 
assembly may be dependent on SPA1 or other proteins (Fig. 6F). 
 SPA2 septal pore association coincides with refractive structures that  
can be observed by  differential interference contrast (DIC) (Fig. 6E). This 
refractive structure suggest a complex protein structure at the septal pore. 
Transmission electron microscopy (TEM) was carried out to study the 
ultrastructure of the this refractive structure and to study the Neurospora septal 
pore ultrastructure. Septal pores in vegetative hyphae are found in a variety of 
states. They  can be open or occluded by electron dense, pore-associated 
structures (Fig 6G). The occluded pores contain peripheral electron-dense 
material that is closely associated with the plasma membrane and a distinct 
central pore-occluding material. These structures are symmetrical around the 
plane of the septum and are not membrane delimited, suggesting a cytoplasmic 
origin of the electron dense material. These observations are in agreement with 
previous EM  studies (Furtado, 1971; Read and Beckett, 1996; Rosing, 1981; 
Trinci and Collinge, 1973a). 
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Figure 6. Two Woronin body interacting proteins localize around the 
septal pore. (A) Isolation of Woronin body (WB)-associated proteins. The 
indicated fractions were separated by  SDS-PAGE. The Woronin body-specific 
membrane marker Woronin sorting complex (WSC) is GFP-tagged (WSC-
GFP) and it allowed assessment of Woronin body  enrichment during the 
purification process. (Lower) HEX, WSC-GFP, SPA1, and SPA2 are indicated 
(Scale bar: 2 µm). (B) SPA1 localizes at the septal pore and rearranges in 
stressed hyphae (stress) and during wound-induced (wounding) membrane 
resealing. (Bottom) Expanded views of the indicated regions are presented. 
(Scale bars: Upper and Middle: 5 µm; Bottom: 1 µm.). (C) Detergent treated 
cell wall ghosts retain SPA1-GFP rings. Arrows point to septa. (Scale bar: 10 
µm; Inset: 1 µm). (D) SPA proteins associate with Woronin bodies in cellular 
extracts. (Scale bar: 1 µm). (E) SPA2-GFP is localized to the pore and its 
fluorescence coincides with refractive structures that can be observed by 
differential interference contrast microscopy (DIC) (arrow). (Scale bar: 1 µm). 
(F) SPA1 and SPA2 interactions are shown by yeast  two hybrid assay. The 
indicated versions of the activation domain (AD) and binding domain (BD) 
were expressed in yeast and assayed on the indicated media. his: histidine; 
ade: adenine: α-Gal: 5-bromo-4-chloro-3-indoxyl-α-D-galactopyranoside. (G) 
Septal pore-associated electron-dense aggregates as seen by TEM. White 
arrows indicate peripheral material. The white arrow points to plasma 
membrane transversing the pore. An asterisk identifies artifact  of the staining 
process. (Inset) Another septum from the same experiment is open and through 
which a mitochondrion (m) is trafficking. (Scale bar: 200 nm).
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4.1.2 Machine Learning Identifies the SPA Family of Intrinsically Disordered 
Proteins
 SPA1 and SPA2 are found in diverse filamentous Ascomycetes in the 
clade Pezizomycotina, but  do not share primary  sequence homology. A 
BLAST search of SPA1 identified two other Pezizomycotina specific proteins, 
SPA3 and SPA4 (Fig. 7A) through a conserved domain with SPA1, the SPA 
domain (Fig. 7B). GFP-SPA3 was also found to localize to the septal pore. 
However there was no GFP signal from the SPA4-GFP strain, which suggests 
either low level gene expression or a development specific expression pattern. 
 Sequence analysis revealed that these proteins are highly  charged and 
are enriched in disorder promoting amino acids such as arginine, lysine, and 
proline. The deletion of spa1, spa2, spa3, and spa4 did not produce any 
obvious phenotypes. Double deletions of spa1 and spa2 also did not produce 
any obvious phenotypes (see Table 2 for a list of deletions produced). The lack 
of obvious phenotype suggests functional redundancy and the existence of 
other septal pore proteins that work together with the four identified SPA 
proteins. Since SPA proteins have no sequence homology, but possess a unique 
amino acid composition, it was reasoned that additional SPA proteins could 




Figure 7. Phylogenetic analysis and alignment of SPA1-related ordered 
domains. (A) SPA1 phylogenetic tree and its relatives SPA3 and SPA4 define 
three distinct families in the filamentous Ascomycetes. Species names are 
indicated (C. globosum: Chaetomium globosum; P. anserina: Podospora 
anserina; M. grisea: Magnaporthe grisea; G. zeae: Gibrella zeae; N. crassa: 
Neurospora crassa; A. fumigatus: Aspergillus fumigatus; A. nidulans: 
Aspergillus nidulans). The numbers indicate bootstrap values. (B) Alignment 
of the ordered domain used to construct the phylogenetic tree.
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 A machine learning approach using the sequences of the initial SPA 
proteins was used to recognize SPA-associated features from 35 
physicochemical parameters (refer to Materials and Methods) (Koh et  al., 
2009). The ranked output of putative SPA proteins predicted from the 
Neurospora proteome returned SPA1, SPA2, SPA3, and SPA4 in the top  five of 
the list (Fig. 8). This was expected as the machine learning was based on the 
characteristics of the initial four SPA proteins. Proteins that shared similar 
characteristics would be ranked highly on the list, while other potential septal 
pore localized proteins that do not  share similar characteristics would not be 
identified using machine learning. The top 100 predictions from the machine 
learning output were enriched in Pezizomycotina specific genes (Fig. 8). This 
suggests that the SPA characteristics are unique to the Pezizomycotina. After 
manual filtering (refer to Materials and Methods), the top 50 candidates were 
GFP tagged by  MFT (Lai et al., 2010). 43 tags were recovered and based on 
septal pore localization, 14 previously uncharacterized SPA proteins were 
identified (Fig. 8). It is possible that these 14 SPA proteins were not recovered 
from the initial Woronin body purification because they  did not localize to 
Woronin bodies or that they had weak association to Woronin bodies.
 SPA proteins localize in three different spatial patterns at the septal 
pore: seven SPA proteins localize in rings around the pore like those observed 
in SPA1 and SPA2 (type I), three produce punctate signal at the centre of the 
pore (type II), and four are broadly distributed around the septal pore (type III) 
(Fig. 9). However, type I and type II localization is not mutually exclusive, as 
seen in SPA5, which can be found in both patterns
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Figure 8. Computational method identifies unique SPA proteins. The 
unedited top 100 proteins from machine learning are shown. These are colour 
coded according to the phylogenomic distribution of homologous sequences 
based on previous characterization of the Neurospora proteome (1), with a few 
modifications. The pie charts compare the phylogenomic distribution of the 
top 100 predicted SPA proteins with the total Neurospora proteome and 
indicate that predicted SPA proteins are enriched for genes unique to 
filamentous Ascomycetes (Pezizomycotina-specific). Neurospora orphans 
(red), previously  characterized (#2-#13, numbering refers to the references 
cited), and short peptides (*) were not analyzed by GPF tagging. The 
localization of GFP-tagged proteins is indicated in the ‘Notes’ column. SPA 
proteins are indicated in bold in the ‘Notes’ column. #2, Newo et al (2), #3 
Horrigan et al(3), #4 Kim et al (4), #5 Roy et al (5), #6 Ohi et al (6) (6), #7 
Fischbeck et al (7), #8 Stolinski et al (8), #9 Abovich et al (9), #10 Colot et al 
(10), #11 Dueñas-Santero et al (11), #12 Behrens et al (12), #13 Kovarik et al 
(13).
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Figure 9. SPA proteins localize to the septal pore. The indicated SPA 
proteins are localized to the septal pore. Type I localization produces a fine 
ring around the septal pore rim. Type II signal emanates from the centre of the 
septal pore and type III localization occurs in a broad disk centred at the septal 
pore. (Scale bar: 2 µm). 
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 To determine whether SPA proteins are uniformly distributed in the 
colony, localization of SPA1, SPA5, and SPA15 over a 1 cm block 
encompassing both apical and subapical hyphae was examined (Fig. 10). 
SPA1 and SPA5 signal is higher at pores in the apical region, in contrast to 
SPA15, which has a higher signal at pores in subapical regions of the colony. 
This suggests that  SPA proteins localize at septal pores at different times and 
there is an age-related increase in pore localization such as in SPA15. In N. 
crassa, previous work has shown an age-related increase in pore plugging and 
thus some SPA proteins may contribute to this age-related plugging (Trinci 
and Collinge, 1973b).
 The machine learning program used to identify additional SPA 
proteins, Sirius Prediction System Builder (version 2.2) (Koh et al., 2009), 
determined several features from a set of 35 dimensions that defined the SPA 
proteins. The top SPA defining features include (i) mean hydrophobicity, (ii) 
net charge, (iii) magnitude of net charge, (iv) composition of arginine, (v) 
mean net charge, (vi) magnitude of mean net charge, (vii) composition of 
phenylalanine, (vii) composition of ordered amino acids, (ix) composition of 
cysteine and (x) the difference between ordered and disordered amino acids. 
These top  features are similar to features of intrinsically disordered proteins 
(IDPs). These include a low mean hydrophobicity and enrichment in disorder 
promoting amino acids such as proline, serine, and arginine. In addition, IDPs 
can be distinguished from folded proteins using plots of hydrophobicity versus 
net charge (Uversky et al., 2000). Plots of ordered and disordered proteins 
from charge-hydropathy  analysis have a defined boundary  where ordered and 
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disordered proteins typically lie (Uversky et al., 2000). Charge-hydropathy 
analysis was carried out on SPA proteins and compared to two groups of 
proteins that possess long disordered regions: phenylalanine glycine (FG)-
repeat nuceloporins (FG-Nups) (Denning et al., 2003) and serine/arginine 
(SR)-repeat splicing factors (SR proteins) (Haynes and Iakoucheva, 2006). 
FG-Nups, SR-proteins, and all 18 SPA proteins fall on the disordered side of 
the boundary (Fig. 11A). Analysis of amino acid composition further suggests 
that SPA proteins are IDPs (Fig. 11B). However, SPAs, FG-Nups, and SR 
proteins can be distinguished from each other by distinct amino acid biases. 
FG-Nups are enriched in phenylalanine and glycine residues; SR-proteins are 
highly  charged due to biases in serine and arginine, while SPA proteins 
possess a low mean net  charge due to the balancing bias of arginine and acidic 
residues (Fig. 11B).
 A BLAST search identified many orthologs of SPA proteins in other 
filamentous Ascomycetes. When conserved region are compared, they 
correspond to regions of low predicted disorder (Fig. 12, green bar). This 
suggests that in addition to extensive disorder, SPA proteins possess ordered 
regions as seen in SPA1, SPA3, SPA4, SPA5, SPA6, SPA7, SPA9, and SPA14. 
Two of these ordered domains are homologous to known domains: SPA14 
possesses an annexin domain, and the ordered SPA5 domain has weak 
homology  to the complex proteins associated with Set1p component Shg1 
(COMPASS), while the rest are unique domains. 
 The conserved regions of some SPA proteins extend into the disordered 
regions, while in the case of SPA10, SPA13, and SPA15 that are wholly 
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disordered, a large part of the protein is conserved. The evolutionary 
conservation of disorder suggests that  disorder is functionally important (Fig. 
12, green bar).  In addition to conserved domains, some SPA proteins such as 
SPA2, SPA12, and SPA17 possess long coiled-coil domains, while SPA5, 
SPA10, and SPA15 possess short coiled-coil domains (Fig. 12, blue bar). The 
presence of coiled-coil domains could allow SPA proteins to interact with 
other proteins and amongst themselves to assemble at the septal pore. 
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Figure 10. SPA protein distribution varies in an age-dependent manner. 
Fluorescence intensity of an agar block encompassing both apical and 
subapical regions was imaged. SPA1 and SPA5 intensity is greatest in the 
apical region compared to SPA15, which is highest in the subapical region.
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Figure 11. SPA proteins possess features of intrinsically disordered 
proteins. (A) Charge-hydropathy analysis of SPA proteins, folded proteins, 
FG-repeat proteins (FG), and SR-repeat splicing factors (SR). The order-
disorder boundary  is indicated with a solid line. (B) Amino acid composition 
of disordered domains of SPA, FG, SR, and disordered proteins (Disprot) is 




Figure 12. Disorder, coiled-coil domains, and sequence conservation of 
SPA proteins. The y-axis indicates the disorder probability (red line) 
according to IUPred (Dosztanyi et al., 2005) and the predicted coiled-coil 
domains (blue line). The x-axis corresponds to amino acid sequence and the 
green bars indicate approximate regions of conserved primary  sequence with 
homologous sequences from other filamentous Ascomycetes. Regions with 
homology  to known domains (Shg1 homologous sequence in SPA5 and 
annexin domain in SPA14) are indicated with a blue bar. TM: transmembrane; 
DO: disordered; OR: ordered.
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4.1.3 Biochemical Analysis of SPA Protein Aggregation
 Since SPA1 was identified from purified Woronin bodies, it was 
possible that Woronin bodies could be necessary  for SPA1 assembly and 
aggregation. To test this, SPA1 sedimentation was examined in the wild type 
and the Δhex-1 mutant, which cannot make the Woronin body dense core 
(Jedd and Chua, 2000). In both cases, small amounts of SPA1 is found in the 
pellet after brief centrifugation at 1,000 ✕  g, more pellets at 10,000 ✕  g and 
sedimentation is complete at 100,000 ✕  g (Fig. 13A). This indicates that SPA1 
is found in heterogenous sized aggregates, whose formation is independent of 
HEX. When treated with various chemicals, SPA1 aggregates are found to be 
resistant to Triton-X (Fig. 13B), but are solubilized by urea and SDS (Fig. 
13B), which indicates aggregate formation via non-covalent protein-protein 
interactions.
 The SPA disordered domain is enriched in charged amino acids and 
this is exemplified in SPA5, which possesses an extreme version of this 
architecture, with extensive arginine/aspartic acid (RD) repeats (Fig. 14). To 
examine the ability of SPA proteins to self-assemble in vitro, SPA disordered 
(SPA1DO and SPA5DO) and ordered (SPA1OR, SPA5OR, SPA7OR, SPA16OR) 
domains were expressed and purified from Escherichia coli. SPA1DO, SPA5DO, 
and SPA1OR domains were found in bacterial inclusion bodies, while SPA5OR, 
SPA7OR, and SPA16OR domains could be purified as soluble proteins. The 
insoluble SPA domains were purified under denaturing conditions using 8 M 
urea and dialyzed into a TBS pH7.4, which is similar to the cytoplasmic pH in 
N. crassa (Sanders and Slayman, 1982), to determine self-assembly (Fig. 
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13C). SPA1OR, SPA1DO, and SPA5DO all aggregate to produce spherical 
assemblies that can be pelleted at  low speed centrifugation (Fig. 13C) and 
dissolved in SDS at room temperature (Fig. 13D, inset). In contrast, lysozyme 
and bovine serum albumin, which are globular proteins, do not form 
aggregates when subjected to the same treatment. Disordered proteins such as 
the yeast gel-forming FG-Nup, Nsp1p and Neurospora SOFT protein also do 
not aggregate and remain soluble in physiological buffer (Fig. 13C). This 
suggests that these assays do not generally result in protein aggregation and 
that the aggregation of SPA1OR, SPA1DO, and SPA5DO are inherent properties 
of these proteins. SPA5DO forms particularly large aggregates that appear 
flattened between the coverslip and slide suggesting that they  are soft gels. 
This was confirmed by  micromanipulation of SPA5 aggregates with a glass 
needle, where they can be penetrated and pulled (Fig. 13E). 
 SPA1OR, SPA1DO, and SPA5DO aggregates were examined by FTIR 
spectroscopy  (Fig. 15). Deconvolution followed by curved fitting suggests that 
SPA1OR aggregates are composed of 71% α-helix, 22% β-strand, and 7% 
unordered structure; SPA1DO aggregates contain 55% α-helix, 31% β-strand, 
and 14% unordered structure; and SPA5DO aggregates consists of 13% α-
helix, 39% β-strand, and 47% unordered structure. This structure is in contrast 
to well-characterized amyloidal aggregates that possess a preponderance of β-
structural confirmation (Greenwald and Riek, 2010). 
 Having defined both the SPA1OR and SPA1DO domains as aggregating, 
the ability of these proteins to localize to the septal pore independently was 
tested. GFP tagged strains where either the SPA1OR or the SPA1DO domain 
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was deleted was made and GFP localization observed. Both domains are 
capable of independently localizing to the septal pore (Fig. 13F). The 
independent localization of both these domains suggest that they are both 
capable of interacting with other proteins to localize at the septal pores. This 
could be through a redundant network of protein-protein interaction similar to 
what is seen at the nuclear pore complex.
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Figure 13. Biochemical analysis of SPA aggregates and in vitro assembly 
of SPA domains. (A) Cytosolic extracts from WT and hex mutant was 
fractionated by  centrifugation into supernatant (S) and pellet (P) fractions in 
the absence and presence of Triton X-100 (TX-100) and SPA1 distribution was 
determined by Western blotting. T: total extract. (B) Stability of SPA1 
aggregates. A 10,000 ✕ g pellet fraction was resuspended in the indicated 
chemicals followed by centrifugation to produce a S and P fraction. SPA1 
stability  was determined by  Western blotting. (C) His-tagged versions of 
SPA1OR, SPA1DO, and SPA5DO were purified under denaturing conditions and 
dialyzed into Tris-buffered saline (TBS), followed by microscopic 
examination and fractionation into S and P fractions, which were then checked 
by SDS-PAGE. Lysozyme (Lys), bovine serum albumin (BSA), Nsp1 and 
SOFT (SO) were also subjected to the same conditions and no visible pellet or 
aggregates formed. (D) SPA1OR was collected by centrifugation (arrow) and 
examined by SEM. Insets show enlarged SPA sphere (lower left) and 
disassembly  of SPA1OR aggregates in 2 mM SDS (lower right). (Scale bars: 10 
µm; inset: 2 µm). (E) SPA5DO aggregates have gel like properties. (Scale bar: 
50 µm). (F) Both SPA1OR and SPA1DO domains recognize the septal pore. 
(Left) Cartoon shows the genomic structure produce by marker fusion tagging. 
(Right) Localization is shown. (Scale bar: 2 µm).
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Figure 14. RD repeats in SPA5DO. The sequence of recombinant SPA5 
protein that produces aggregates shown in Figure 8. Arginine and aspartic acid 
are coloured red and blue respectively.
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Figure 15. FTIR spectra of SPA1DO, SPA1OR, and SPA5DO protein 
aggregates. The left y-axis indicates the absorption for SPA1DO and SPA1OR 
samples, whereas the right y-axis indicates the absorption spectra for SPA5DO. 
Absorption curves are the deconvoluted values for the amide I band. Black 
bars indicate regions corresponding to β-strand, random coil (r. c), α-helix, and 
β-turn. DO: disordered, OR: ordered
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4.1.4 Cell Wounding and Compartmental Cell Death Induces SPA 
Reorganization
 SPA1 and SPA2 were observed to rearrange during cell stress and upon 
cellular wounding. To determine how SPA proteins behave, the localization of 
SPA proteins during cellular wounding was observed (Fig. 16A). When 
hyphae are injured due to mechanical severing or lysed by hypotonic shock, a 
single Woronin body, typically  the one nearest to the site of injury, plugs the 
pore to prevent excessive cytoplasmic loss. This is followed by regeneration of 
new hyphae from the site of injury. SPA1, SPA2, SPA9, SPA11, SPA14, and 
SPA15 all associate to the Woronin body at the occluded septal pore within 
minutes of cellular wounding. However, except for SPA9, they are not found 
on cortex associated Woronin bodies away from the plugged septal pore. 
 In animal cells, cell wounding prompts calcium-dependent annexin 
assembly  at the plasma membrane to promote membrane resealing (Bouter et 
al., 2011). SPA14, which contains an annexin domain associates with the 
Woronin body at plugged septal pore suggesting that membrane associated 
calcium may play  a role in membrane resealing, similar to that observed in 
animal cells. The fluorescent probe, chlortetracycline (CTC) (Silverman-
Gavrila and Lew, 2002) confirmed the localization of membrane-associated 
calcium at the site of new tip emergence (Fig. 16A). In wound repair, vesicles 
are actively transported towards the site of injury to start the repair of the 
plasma membrane. In damaged hyphae, dynamic actin filaments are observed 
at plugged septal pores (Fig. 16B). In addition, GFP-MYO2, a class V myosin 
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and a marker for the tip-localized Spitzenkörper vesicle centre is also found at 
the plugged pores (Fig. 16B).  
 In filamentous fungi, hyphae undergo cell-to-cell fusion, in process 
known as anastomosis to promote homeostasis within the colony. This can 
also occur between individuals that are genetically dissimilar to produce 
heterokaryons. When cell fusion between individuals with dissimilar het loci 
occur, septal pores are plugged, hyphae compartmentalized and cell death 
occurs in a process known as heterokaryon incompatibility  (Glass and 
Kaneko, 2003). Heterokaryon incompatible reactions were produced between 
strains expressing SPA1-GFP and SPA2-GFP. In these colonies, isolated 
compartments contained extensive SPA aggregates at both the septal pore and 
in the cytoplasm (Fig. 16C). This suggests that SPA aggregates are effectors of 
the incompatible response and contribute to cellular compartmentalization by 
plugging septal pores. 
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Figure 16. SPA proteins localize in the wounding response and 
heterkaryon incompatibility reaction. (A) Severed hyphae were imaged 
immediately after cutting with a razor blade. The indicated SPA proteins 
associate with the Woronin body  at plugged septal pores. Chlortetracycline 
(CTC) suggests the presence of membrane-associated calcium at the occluded 
septal pores. (Scale bar: 5 µm). (B) F-actin filaments imaged over time 
(minutes) with Lifeact emanate from the septal pore/Woronin body complex. 
(C) Spitzenkörper marker, MYO2 (a class V myosin) is localized to the septal 
pore/Woronin body complex before new tips emerge. (Inset) Localization at  an 
established hyphal tip is shown. (D) Heterokaryon incompatibility induces 
SPA1-GFP and SPA2-GFP aggregation. Incompatible reactions were induced 
by forcing mating type heterokaryons using auxotrophic markers. 
Compartments with elevated levels of SPA aggregation were imaged using 
laser scanning confocal microscopy  and Z-sectioning. The maximum 
projection is shown. White arrows show plugs at septal pores in closed hypha 
compartments. (Scale bar: 5 µm) 
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4.1.5 SPA Proteins Regulate Diverse Aspects of Septal Pore Function and 
Biogenesis
 The deletion of three SPA proteins produced distinct loss-of-function 
phenotypes that manifest  at the level of the septum and septal pore. The lack 
of observable phenotypes in the other spa deletion strains suggests functional 
redundancy. Deletion strains with up to five spa deletions also did not produce 
any obvious phenotype, which further supports the idea of functional 
redundancy (refer to Table 2 for deletion strains constructed).
 The deletion of spa9 results in a reduction of radial colony growth 
(Fig. 17A). Closer inspection reveals the presence of intrahyphal hyphae that 
originate at the septum. At the septal pore in these intrahyphal hyphae, 
Woronin bodies are observed and the aberrant septal pore plugging by the 
Woronin body could be the cause of the observed phenotype. To test this, 
hex-1 was deleted in the spa9 deletion strain (Fig. 17A). The deletion of hex-1 
in the spa9 background partially rescues the growth defect (Fig. 17A). Besides 
localizing to the septal pore, a functional GFP-SPA9 fusion protein rapidly 
redistributes to cortex associated Woronin bodies when hyphae are wounded. 
This occurs at sites far removed from the site of injury. Taken together, these 
observations suggest that SPA9 is an inhibitor of Woronin body activation.
 It is not known how SPA9 localizes to the cortex-associated Woronin 
bodies. SPA9 possesses a single C-terminal transmembrane domain, 
suggesting that it is would be embedded into the plasma membrane. However, 
GFP-SPA9 was not observed in any other organelles besides the septal pore 
and cortex associated Woronin bodies after hyphal injury. There was also no 
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decrease in GFP signal at the septal pore, suggesting a yet unidentified pool of 
GFP-SPA9, which is possibly vesicular due to the presence of the C-terminal 
transmembrane domain.
 Hyphal extension occurs at the tip  and new septa are deposited at  
regular intervals behind the growing tip. The spa10 deletion strain has a 
normal distribution of septa in the apical compartments. However, there is an 
increase in septa in the subapical compartments (Fig. 17B). This suggests that 
SPA10 is required for proper regulated septation.
 Hyphae of spa13 deletion strains rupture and accumulate puddles of 
protoplasm in the subapical but not  in the apical regions of the colony. Closer 
inspection of the diameters of the septal pores by laser scanning confocal 
microscopy and Z-sectioning was carried out. In the wild type strain, septal 
pore diameter is maintained from the apical to the subapical region of the 
colony. However, the septal pores in the subapical region of spa13 deletion 
strains show an increase in diameter from the apical to the subapical region as 
it ages (Fig. 17C). This increase in pore diameter mainly affects large primary 
hyphae with rapid cytoplasmic flow. The septal pores in these large hyphae 
degenerate over time due to the stresses it encounters at  the pore. Despite the 
presence of Woronin bodies, the septal pores are too large to be plugged by 
Woronin bodies. Thus, SPA13 could be involved in maintaining septal pore 
integrity.
 SPA13 has an unusual amino acid composition when compared to the 
other SPA proteins. It is enriched in serine and threonine, which are potential 
sites for phosphorylation. This suggests that  phosphorylation of SPA13 could 
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be involved in maintaining septal pore integrity. Besides maintaining septal 
pore integrity, SPA13 could also be involved in the proper formation of septal 
pores. The formation of improper septal pores that are weak could result in 
degeneration over time. 
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Figure 17. SPA proteins regulate Woronin body function, septation and 
septal pore integrity. (A) SPA9 controls Woronin body release. (Top) The 
spa9 deletion strain exhibits impaired colony growth and intrahyphal hyphae. 
(Middle) Deletion of hex eliminates Woronin bodies and suppresses the 
growth defect (graph). (Bottom) Localization of GFP-SPA9 to cortical 
Woronin bodies during the systemic response to injury. (Scale bar: 1 µm). (B) 
SPA10 regulates septation. The spa10 deletion mutants develop  normal 
number of septa in apical compartments but elaborate abnormally  high 
numbers of septa as the hypha ages. Septa were counted in the apical and 
subapical compartments ~1 cm behind the colony growth front. Septa numbers 
are quantified in the graph. (Upper), and representative hyphae are shown 
(Lower). (Scale bar: 10 µm). (C) SPA13 is required for septal pore 
maintenance. SPA13 deletion mutants “bleed” protoplasm exclusively  from 
subapical regions of the colony  (arrowheads), and reconstruction of septal 
pores using confocal microscopy shows that this phenotype is due to septal 
pore degeneration in old regions of the colony. A: apical; SA: subapical; +: 
point of colony initiation. (Scale bar: 2 µm).
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4.2 Discussion
 Cell-to-cell channels evolved independently  in all multicellular 
organisms to allow fast direct communication with neighbouring cells. These 
channels play  an important role in developmental and physiological coupling 
in plants and animals. In filamentous fungi, septal pores play an important role 
in promoting cellular cooperativity  by linking the colony into one 
interconnected network. Although the structural organization of septal pores 
have been well studied, the protein constituents at the septal pore are poorly 
characterized. Several septal pore localized proteins have been identified in N. 
crassa such as SOFT, BUD6, and RHO4. BUD6 and RHO4 both localize to 
the developing septa and persists at the septum for several hours (Lichius et 
al., 2012; Rasmussen and Glass, 2007), while SOFT is involved in septal pore 
plugging (Fleissner and Glass, 2007). Here, I show that the septal pore is an 
important cellular address and a focus for the assembly of a group of diverse 
IDPs that regulate various aspects of septal organization and fungal 
intercellular communication. 
 SPA proteins are unique to the Pezizomycotina and are not found in the 
Basidiomycota, the other clade that possesses septal pores. In the 
Agaricomycotina that  possess septal pore caps a different group of pore 
localized proteins not as SPCs seem to play  the same role as SPA proteins in 
N. crassa. Like the SPCs, SPA proteins can regulate cytoplasmic flow through 
septal pore such as during the heterokaryon incompatibility reaction (Fig 
16B), where hyphal compartments are isolated. Although it has been shown 
that the SPCs play a role in preventing excessive cytoplasmic loss upon injury 
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(van Peer et al, 2010), this role been taken over by the Woronin body in the 
Pezizomycotina (Markham, 1994; Jedd and Chua, 2000). It is possible that the 
SPAs may still play  a role in the initiation of cell wall repair and remodeling 
after plugging by the Woronin body (Fig. 16A).
 SPA proteins are found in both the pathogenic (M. grisea) and 
saprotrophic (N. crassa) in the Pezizomycotina. The SPA proteins are well 
conserved in the Pezizomycotina and this extends to the disordered regions in 
other SPA orthologs (Fig. 18). This suggests that these disordered domain are 
functionally important.
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Figure 18. Disorder and coiled-coil conservation in SPA orthologs. The x-
axis represents the disorder probability, while the y-axis indicates amino acid 
position. The red line indicates disorder probability, the blue lines indicate 
predicted coiled-coil regions, while the green bars indicate conserved ordered 
domains 
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 SPA proteins are defined by their unique amino acid composition and 
the presence of intrinsically disordered domains. Their unique amino acid 
composition (Fig. 11) allowed the identification of these proteins through a 
machine learning approach. In addition, these proteins make up a unique 
group of IDPs that are distinct from other well-studied IDPs such as the FG-
Nups and SR-proteins. Their distinct amino acid composition may be 
important for its function and its ability to aggregate, which will be discussed 
later.
 Although all SPA proteins localize at the septal pore, they  possess 
specific spatial localization at the pore and have diverse functions. Type I and 
type II localized SPA proteins line the pore-rim and may be involved in pore 
occlusion and provide a Woronin body independent mechanism for septal pore 
occlusion that can respond to physiological signaling (Fig. 16). A Woronin 
body independent mechanism is also involved in age-related pore plugging. 
Age-related pore plugging is important in sealing off compartments, which 
allows for cellular differentiation. Support  for SPA protein involvement in age-
dependent pore closure comes from the observation that SPA15 localizes to 
septal pores in older regions of the colony (Fig. 10). Thus SPA proteins may 
be a part of the electron dense material that has been previously described 
(Furtado, 1971; Markham, 1994) and constitutes a Woronin body independent 
mechanism of pore closure. 
 Besides age-related plugging, septal pores are also plugged in a 
Woronin body independent manner during heterokaryon incompatibility. The 
presence of SPA1 and SPA2-GFP at closed septal pores during the 
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heterokaryon incompatibility  reaction (Fig. 16D) suggest that SPA proteins are 
involved in isolating compartments that are destined to undergo cell death. It 
is not known what controls the SPA aggregation at the septal pore during 
Woronin body independent pore plugging.
 Some SPA proteins such as SPA1, SPA2, SPA9, SPA11, SPA14, and 
SPA15 reorganize around the Woronin body at plugged septal pores (Fig. 
16A). With the exception of SPA9, the other SPA proteins do not localize to 
Woronin bodies away from the plugged pore. This suggests that  SPA proteins 
may act like mortar, upon which further cell wall materials are deposited to 
repair the damaged cell wall and allow regrowth of the hyphae. SPA14, which 
possesses an annexin domain, could play  an important role in cell wall repair. 
Annexins have been shown to be involved in plasma membrane repair (Bouter 
et al., 2011; McNeil et al., 2006). It has been shown that annexin-A5 forms 
two dimensional arrays that promote membrane repair (Bouter et  al., 2011). 
The assembly of annexin to the plasma membrane is activated by  micromolar 
concentrations of Ca2+ (Bouter et al., 2011). In this study, Ca2+ was detected by 
CTC fluorescence at injured tips, further supporting a role of annexin or 
annexin domain containing proteins, such as SPA14 in membrane repair. 
 Work in A. fumigatus showed that the Ca2+-calmodulin dependent 
phosphatase, calcineurin localizes to the septal pore (Juvvadi et  al., 2008). 
Calcineurin is well conserved in eukaryotes and regulates diverse processes in 
filamentous fungi such as hyphal growth, cell wall integrity, and 
pathogenicity. As a membrane-associated Ca2+ responsive protein with diverse 
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roles, the presence of calcineurin at the septal pore suggests that it may be 
involved in membrane repair together with annexin or SPA proteins.
 Most SPA proteins do not localize to cortex associated Woronin bodies. 
Therefore, a signal in the proximity of the damaged pore may be required for 
relocalization and reorganization of SPA proteins around Woronin bodies at 
plugged pores. However, the identity of these factors is currently not 
known. 
 All SPA proteins are predicted to possess intrinsically  disordered 
regions or are completely  disordered. Unlike folded proteins, IDPs lack a 
precise three-dimensional structure under native conditions. This group of 
proteins were largely ignored, as it did not fit the central dogma that protein 
structure begets function. However, approximately 25 to 30% of eukaryotic 
proteins are disordered (Oldfield et al., 2005), suggesting that these proteins 
are functionally important.
 IDPs have unique amino acid biases. They  are depleted in bulky 
hydrophobic (Ile, Tyr, and Val) and aromatic (Trp, Tyr, and Phe) amino acid 
residues, which form the basis of the hydrophobic core in folded proteins. 
IDPs are enriched in disorder promoting residues such as Ala, Arg, Gly, Gln, 
Lys, and the structure breaking Pro. Although SPA proteins are predicted to be 
disordered and clearly  fall into the category of disordered proteins based on 
their distribution in the charge-hydropathy plots (Fig. 11A), they possess 
unique amino acid biases, which differ from IDPs on the whole. Two groups 
of well-studied disordered proteins the FG-Nups and SR-proteins have distinct 
biases in amino acid composition (Fig. 11A).  These biases play an important 
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role in their function. The FG repeats of the FG-Nups face the centre of the 
nuclear pore and forms a barrier against indiscriminate flow through the 
nuclear pore. The FG-repeats are thought to ‘melt’ and transiently interact  with 
karyopherins that cross the nuclear pore (Macara, 2001; Rout, 2003). Another 
view of FG-Nups is that the disordered repeats interact with each other to form 
a hydrogel that acts like a sieve to allow molecules of a specific size to pass 
through the nuclear pore (Frey and Görlich, 2007). The distinct bias for 
charged amino acids in SPA proteins in particular arginine and aspartic acid 
(Fig 11B), may be important for their function. SPA5 shows an extreme in 
arginine and aspartic acid enrichment (Fig. 14). This particular bias helped 
identify them and may also explain their unique biochemical properties. 
 Previous work has identified SOFT, a cytoplasmic protein that is 
required for fungal cell-to-cell fusion that also localizes to plugged septal 
pores in a Woronin body independent manner (Fleissner and Glass, 2007; 
Maruyama et al., 2010). SOFT, like SPA proteins is not necessary  for septal 
pore plugging, but may be part of a network that forms the septal pore plug. 
The N-terminal of SOFT is predicted to be disordered (Fig. 19A), with distinct 
amino acid biases that differ from SPA proteins, such as an enrichment of 
glutamine (Fig. 19B). SOFT scored poorly  (position 1,327 of 9,834) in the 
machine learning approach used to identify  SPA proteins. This is not 
surprising given the different amino acid biases between SOFT and the SPA 
proteins. 
 The purified disordered region of SOFT did not form aggregates in 
vitro, unlike the SPA disordered regions. Many IDPs are known to form 
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aggregates. Some examples of aggregate forming IDPs include β-amyloid and 
prion protein (PrP) from humans and Ure2p and HET-s from S. cerevisiae and 
Podospora anserina respectively. Protein aggregates are generally thought to 
be deleterious to the cell and many of these aggregated proteins are known to 
be involved in human diseases like Alzheimer’s (β-amyloid), Creutzfeldt-
Jakob disease (PrP), and Huntington’s (Huntingtin). However, several protein 
aggregates are thought to be beneficial to the organism. Fungal prions such as 
[URE3] and [PSI+] allow yeast cells to grow on otherwise nutrient  poor media 
(Wickner, 1994). In the sea slug Aplysia, the neuronal-specific form of the 
cytoplasmic polyadenylation element binding protein (CPEB), ApCPEB forms 
aggregates, which contribute to long term facilitation, i.e memory formation 
(Si et al., 2010). Work in Drosophila uncovered Orb2, a homolog of ApCPEB 




Figure 19. Disorder prediction and relative amino acid composition of 
Neurospora SOFT.
(A) Prediction of SOFT disordered regions using IUPred. (B) The relative 
amino acid composition of the SOFT (so_DO) disordered domain compared to 
SPA and DisProt.
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 SPA proteins are functional protein aggregates. SPA1 and SPA2 
localize to septal pores during heterokaryon incompatibility to plug and isolate 
hyphal compartments destined to undergo cell death. Besides aggregation at 
the septal pore, cytoplasmic aggregation also occurs in closed hyphal 
compartments. Since aggregation at the pore only occurs in specific 
compartments, a signaling mechanism may be involved in enhancing 
aggregation at the septal pore. Closing of the septal pore during heterokaryon 
incompatibility can also isolate these factors from spreading throughout the 
colony. In Podospora anserina, the heterokaryon incompatibility reaction 
occurs due to the self-propagation of [Het-s], which behaves like a prion 
(Saupe et al., 2000). In addition, the heterokaryon incompatibility reaction has 
been proposed to limit the transfer of mycoviruses and transposons (Saupe, 
2000), which could easily  spread throughout the colony in filamentous fungi. 
Although SPA1 and SPA2 may plug the pores during this reaction, the signals 
that induce plugging are still not known.
  Besides preventing the transfer of infectious agents through the fungal 
colony, it has been suggested that heterokaryon incompatibility may play a 
role in speciation of pseudohomothallic fungal species such as a P. anserina 
and Neurospora tetrasperma. In this case heterokaryon incompatibility 
prevents outbreeding, which would favour speciation (Glass et  al, 2000). 
However, heterokaryon incompatibility has to be suppressed in homothallic 
fungi such as N. crassa to allow sexual reproduction to take place. The 
mechanisms that suppress vegetative incompatibility  is still not known. 
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Heterokaryon incompatibility can be a barrier to speciation in homothallic 
fungi, but promote speciation in heterothallic fungi. 
 Work on many aggregates show that they  form fibrils that are mostly 
composed of β-sheets. However, recent work has shown that α-helical coiled-
coils can also modulate aggregation of polyQ and Q/N rich proteins (Fiumara 
et al., 2010). Ure2p and Huntingtin, which contain β-sheets also utilize α-
helical coiled-coils to form aggregates (Fiumara et  al., 2010). This suggests 
that α-helical and β-sheet structures are not mutually exclusive when it comes 
to aggregate formation. More importantly, SOFT, which is enriched in 
glutamine, could utilize α-helices in binding with SPA proteins, some of which 
contain coiled-coil domains (Fig. 12). SPA coiled-coil domains could 
potentially direct localization of SOFT to the septal pore and may be involved 
in aggregation and septal plug formation. 
  SPA1 and SPA2 interact, but their pore localization is independent of 
each other. Both SPA1OR and SPA1DO domains are capable of localizing to the 
pore. This suggests that type I and type II SPA protein assembly  and 
localization at the pore is made up of a network of redundant interactions, 
similar to the redundancy observed in FG-Nups. Septal pore lining and 
occlusion could be initiated by nucleation at the pore rim, followed by growth 
through homo- and heterotypic interactions that vary  between 200 and 500 
nm. The plasticity afforded by  the assembly of SPA proteins through these 
interactions allows it to overcome the problem of variable pore diameter and 
meets the requirements for pore gating.
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 As mentioned previously, disordered proteins possess a low content of 
hydrophobic amino acids, required for folding of globular proteins. However, 
IDPs can attain precise folding upon binding to its partner through a 
mechanism known as coupled binding and folding. This flexibility allows 
IDPs to bind multiple targets. Many signaling molecules that  act as network 
hubs utilize this flexibility. For instance, p53 which is an important signaling 
molecule, is able to regulate several signaling pathways due to its ability to 
bind to several different partners. The binding sites in p53 are located in 
regions of disorder, that adopt a precise fold upon binding to its target 
(Uversky  and Dunker, 2010). One of the best  studied coupled binding and 
folding of the binding of kinase-induced activation (KID) domain of CREB to 
KIX of CREB binding protein (CBP) (Dyson and Wright, 2005). The 
phosphorylated KID (pKID) is disordered, but folds into a pair of orthogonal 
α-helices upon binding to KID-binding domain (KIX) of CBP.
 Besides the ability to bind to different partners, intrinsically  disordered 
regions can form higher ordered aggregates. This can be seen in the long 
disordered domains of FG-Nups that form multivalent interactions between 
FG-repeat sequences to form a hydrogel composed of random coils (Frey et 
al., 2006). The hydrogel formed by FG-Nups play  an important role in gating 
the nuclear pore as it ‘melts’ away forming transient interaction with loaded 
karyopherins crossing the nuclear pore (Frey and Görlich, 2007; Macara, 
2001; Rout, 2003). Interestingly  SPA proteins share parallels with FG-Nups. 
They  both possess long disordered regions and assemble at the pore. However, 
unlike FG-Nups that are enriched in phenylalanine and glycine that promote 
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hydrophobic interaction, SPA proteins are enriched in basic and acidic amino 
acids. Thus, SPA assembly  could be mediated by electrostatic interactions, 
hydrogen boding or weak hydrophobic interactions. The failure of purified 
yeast FG-Nup, Nsp1p, and SOFT disordered domain to aggregate in the in 
vitro assay  suggest that SPA aggregation is unique and dependent on their 
amino acid composition. 
 SPA aggregates produced in vitro are spherical and are SDS-sensitive. 
FTIR spectra suggest that they are primarily α-helical structures for SPA1DO 
and SPA1OR, and disordered structures for SPA5DO (Fig. 15). Previously 
characterized aggregates are fibrillar and amyloidal and are SDS-resistant, 
with a preponderance of β-sheets. Therefore, SPA aggregates appear to be a 
distinct type of protein aggregate.
 The appearance of SPA aggregates suggest a liquid-gel phase 
separation, which has been suggested to be involved in the formation of 
cellular compartments, such as RNA/protein bodies (Hyman and Brangwynne, 
2011) and signaling complexes (Li et al., 2012). This phase separation is 
dependent on a high degree of multivalency in interacting proteins. Some SPA 
proteins possess long disordered regions, which as discussed allow it to adopt 
flexible conformations and make large numbers of intermolecular contacts. 
RD-repeats, like those found in SPA5 are found in certain animal proteins 
associated with RNA splicing. Many SR splicing factors are IDPs and 
phosphorylation of serine in SR-repeats make them behave more like RD 
repeats. This raises an intriguing possibility that SPA-like assemblies may be 
involved in the cellular compartmentalization of RNA metabolism. 
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 In this work I have shown that the septal pore is not as simple as it  
seems and plays an important role in permitting the hyphal fungal life style. 
The septal pore acts as a platform for protein assembly, such as SPA proteins 
that regulate various aspects of fungal physiology  and compartmentalizes 
hyphae during specific developmental processes as well as during cell death 
(Fig 20). 
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Figure 20. A model showing the various roles of SPA proteins at the septal 
pore. SPA proteins function to close septal pores in a Woronin body (WB) 
independent manner and also to regulate Woronin body function. SPA9 
inhibits aberrant Woronin body release, while SPA10 inhibits septation and 
SPA13 plays a role in septal pore maintenance. 
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CHAPTER 5: FUTURE WORK
 This study has identified SPA proteins, a group of intrinsically 
disordered proteins that  localize to the fungal septal pore and regulates several 
diverse functions. They are also involved in a Woronin body independent 
mechanism of septal pore plugging during aging and in the heterokaryon 
incompatibility reaction. However, the signals that  regulate aggregation at  the 
septal pore are not known. 
 In cells, protein aggregation is prevented by heat shock proteins (Hsp) 
that bind to unfolded and misfolded proteins thus preventing protein 
aggregation. The ubiquitous Hsp70 plays an important role in protein folding 
and binds to unfolded proteins to prevent aggregation (Masison et al., 2009). 
Hsp70 working in concert with Hsp104, a hexameric AAA+ ATPase refolds 
unfolded proteins. In response to stress, Hsp expression is increased to help 
cope with the additional unfolded proteins. However, during aging or 
prolonged stress, the Hsp system is overwhelmed, which results in an increase 
of protein aggregation. To regulate SPA protein aggregation, the levels of 
Hsp70 and its chaperones could be regulated. Hsp104 is also an interesting 
candidate since it has been shown to be involved in yeast  prion propagation 
(Chernoff et al., 1995). This is due to the disaggregase activity of Hsp104, 
which disassembles aggregates. These disassembled aggregates can then 
nucleate the formation of new aggregates, perpetuating the formation of more 
aggregates. At present there is no evidence that indicate a prion-like nature of 
SPA proteins, but it is possible that Hsp104 could regulate SPA aggregate size 
and seed smaller aggregates. 
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 To test whether Hsps are involved, the levels of Hsp70 and Hsp104 
need to be manipulated. Since Hsp70 is essential to many  cellular functions 
and there is no hsp70 deletion, hypomorphs of Hsp70 could be made. One 
strategy currently  being carried out comes from work in S. cerevisiae to create 
hypomorphs by disrupting the 3’ UTR (Breslow et al., 2008; Schuldiner et al., 
2005). This strategy has also been successfully used to create hypomorphs in 
Candida albicans (Finkel et al., 2011). The disruption of the 3’ UTR will 
destabilize the mRNA, leading to shorter mRNA half life and as a 
consequence lower protein levels (Muhlrad and Parker, 1999). To check the 
levels of Hsp70, it will need to be epitope tagged with 3xHA. The Hsp70 and 
Hsp104 hypomorphs can then be crossed with the GFP tagged SPA strains 
such as SPA1 and SPA2. The heterokaryon incompatibility  reaction can then 
be carried out to test whether reduced Hsp levels will affect aggregation, pore 
closure, and cell death. 
  Several outstanding questions remain regarding the function of SPA 
proteins at septal pores. The three spa deletions that show an observable 
phenotype are of particular interest. SPA9 inhibits aberrant release of Woronin 
bodies (Fig. 20). This is of particular interest, since the release of too many 
Woronin bodies upon injury would likely cause uncontrolled plugging of 
septal pores, which would disrupt the cytoplasmic continuity of the colony. 
However, it is not known how SPA9 localizes to the cortex-associated 
Woronin bodies. No decrease in GFP signal was apparent at the septal pore, 
suggesting either a cytoplasmic or a vesicular origin of GFP-SPA9. SPA9 
possess a single C-terminal transmembrane domain, which would favour a 
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vesicular origin of new SPA9 to the Woronin body. However, the identity of 
this vesicle is not known and the trigger for relocation to the Woronin body is 
still a mystery.
 Septation in filamentous fungi has been uncoupled from cell division. 
Many models have been proposed concerning the site of septation in 
filamentous fungi. In A. nidulans, nuclei divide synchronously and that septum 
formation is spatially controlled by nuclei position (Harris, 2001). Nuclei in N. 
crassa divide asynchronously, which makes it difficult to determine how 
septation is regulated (Mouriño-Pérez and Riquelme, 2013). The components 
of the septum initiation network (SIN) have been identified and their role in 
septation is currently  being worked out. However, the position of SIN 
components in N. crassa is still not known. SPA10, which inhibits septation 
(Fig. 20) may function by  inhibiting SIN. SPA10 localization at septal pores, 
maybe inhibit SIN assembly in the vicinity. This still remains to be seen.
 Recently  it has been shown that the gating of the septal pore in A. 
nidulans is under cell cycle regulation (Shen et al, 2014). During interphase 
the septal pores are open and closed during mitosis. This pore closure is 
caused by NIMA kinase, which is localized to the septal pore during 
interphase and translocates to the nucleus during mitosis, where it promotes 
nuclear pore complex disassembly. The SPA proteins can self-assemble like 
the FG-Nups that make up a component of the nuclear pore complex (NPC). It 
has been proposed that NIMA kinase may regulate the disassembly  of SPA 
aggregate at the septal pore during interphase and may also be involved in 
NPC disassembly during mitosis. However, this has to be tested in A. 
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nidulans. It would be interesting to note whether a NIMA kinase in N. crassa 
may play a similar role despite N. crassa and A. nidulans having different 
timings for nuclear differentiation, i.e asynchronous versus synchronous cell 
division.
 SPA13 may be involved in maintaining septal pore integrity (Fig. 20). 
It could be part of a signaling pathway or act as a site for other protein 
aggregation. The presence of serine and threonine suggest that SPA13 may be 
phosphorylated. Preliminary work to detect SPA13 phosphorylation did not 
show any obvious differences after treated with phosphatase. SPA13 may also 
function in concert  with other cell wall integrity proteins (Perez et al., 2004) 
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